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ABSTRACT  
The speech disruption caused by neurodegenerative disease is termed dysarthria. Previous 
research has identified dysarthria as one of the earliest and the most common subclinical manifestation 
associated with neurodegenerative diseases such as Parkinson’s disease (PD), Huntington’s disease (HD), 
multiple system atrophy (MSA) and progressive supranuclear palsy (PSP). Even though presence of 
articulatory and resonatory deficits represent an important part of dysarthria manifestations the most 
widely used methods currently available for the automatic evaluation of speech performance are focused 
only on the assessment of dysphonia. Therefore the aim of the thesis is to present the automatic 
assessment of articulatory and resonatory deficits as a useful tool enhancing current approaches of 
dysarthria analysis. Furthermore, the next goal is to use the objective dysarthria assessment to describe 
different dysarthria patterns. For this reason, we have examined articulatory deficits from two 
perspectives: first as the description of fast repetitive moves produced during speech diadochokinetic task 
(repetition of /pa/, /ta/ and /ka/ syllables) and second one as the description of the velopharyngeal function 
using a sustained phonation of the vowel /i/. The thesis summarizes the results of several studies and 
therefore of different participant datasets, including speakers diagnosed with PD, MSA, PSP, HD and 
healthy control (HC) speakers, which were used for the purposes of articulatory and resonatory deficits 
estimation.  
In the first part aimed at rapid articulatory movements, the fully automatic assessment of several 
acoustic features describing six dysarthria dimensions (i.e. voice quality, laryngeal and supralaryngeal 
coordination, precision of consonant articulation, tongue movements, occlusion weakening and speech 
timing) was proposed. Results presented in this section showed significant differences between healthy 
and pathological utterances and moreover revealed distinctive patterns of articulatory distortion connected 
with different neuropathology. The presence of these distinctive patterns has been supported by the results 
of the performed classification experiment, which was able to distinguish between PD vs. HC with 87% 
accuracy.  
The second part used the 1/3-octave spectrum method to describe the presence of nasal 
resonance as an acoustic feature reflecting increased nasality. Results of this section showed an overall 
increased presence of hypernasality in Parkinsonian and Huntingtonian patients. Nevertheless, significant 
differences were found only among the HD speakers. More importantly the intermittent character of 
hypernasality was found to be one of the very distinctive features present in 78% of HD speakers and 
moreover a significant increase in the presence of intermittent hypernasality was also documented in 
68 % of MSA speakers. 
In general, the results presented in the thesis show that the automatic assessment of articulatory 
deficits may provide useful clues for the early diagnosis, monitoring of disease progression, monitoring of 
speech therapy efficacy and adjustment and the differential diagnosis. 
  
ABSTRAKT  
Poškození řeči spojené s neurodegenerativními onemocněními se nazývá dysartrie. Dřívější 
výzkum ukázal, že dysartrie je jedním z nejdříve se vyskytujících a nejčastějším subklinickým projevem 
neurodegenerativních onemocnění jako jsou Parkinsonova nemoc (PD), Huntingtonova nemoc (HD), 
mnohočetná systémová atrofie (MSA) a progresivní supranukleární palasa (PSP). I přestože artikulační a 
rezonanční obtíže patří mezi významné dysartrické projevy, nejčastěji využívané metody automatického 
hodnocení jsou založeny pouze na měření dysfonie. Proto je hlavním cílem této práce návrh 
automatického hodnocení artikulačních a rezonančních deficitů jako užitečného nástroje doplňujícího 
metody používané v současnosti. Navíc je dalším cílem využití navržených objektivních metod pro 
hodnocení dysartrie k popsání různých dysartrických profilů. Z toho důvodu byly dysartrie zkoumány ze 
dvou perspektiv první bylo vyšetření rychlých artikulačních pohybů založené na úloze rychlého 
opakování slabik /pa/,/ta/ a /ka/ a tou druhou bylo hodnocení funkce měkkého patra založené na 
prodloužené fonaci samohlásky /i/. Dizertační práce shrnuje výsledky několika studií, a proto také pracuje 
s více různými soubory dat získaných od účastníků diagnostikovaných s PD, MSA, PSP, HD a navíc 
s kontrolními nahrávkami zdravých dobrovolníků.  
V první části zaměřené na rychle artikulační pohyby je představena metodika automatického 
hodnocení šesti řečových dimenzí zahrnujících kvalita hlasu, koordinaci laryngeálních a 
supralaryngeálních artikulátorů, přesnost artikulace konsonant pohyby jazyka, slábnutí okluze, časování 
řeči. Výsledky prezentované v této části ukazují signifikantní rozdíly mezi zdravými a patologickými 
promluvami a navíc odhalili rozdílné charaktery řečových poruch u rozdílných typů neurodegenerativních 
onemocnění. Prezentovaný klasifikační experiment ukázal, že je možné rozčlenit de novo PD pacienty od 
zdravých účastníků s 88% úspěšností. 
V druhá část, za použití analýzy 1/3-oktávového spektra, popisuje přítomnost nasální rezonance 
jako akustického ukazatele reflektujícího hypernasalitu. Výsledky prezentované v této části ukazují 
zvýšení výskytu hypernasality u PD i HD pacientů. Nicméně pouze u pacientů diagnostikovaných s HD 
byly nalezeny statisticky signifikantní rozdíly. Navíc se u HD a MSA se ukázala jako významná 
přítomnost kolísavé hypernasality kterou jsme dokumentovali u 78 % případů HD a u 68 % případů MSA  
Celkově, výsledky prezentované v této dizertační práci ukazují, že automatické hodnocení artikulační a 
rezonančních poruch může poskytnout užitečná vodítka pro potřeby brzké a diferenciální diagnózy, 
monitorování progrese onemocnění, monitorování efektivity léčby a monitorování účinků řečové terapie. 
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1 INTRODUCTION 
Neurodegenerative diseases rank among the medical disruptions with the most 
salient impact on the quality of a patient’s life. In particular, the neurodegenerative 
diseases connected with motor skill decline have a profound effect. Among these, the 
basal ganglia disruptions result in a multitude of motor skill deficits. Furthermore, due 
to the different pathomechanism basal ganglia disruptions results in several very 
different diseases (e.g Parkinson’s disease (PD), Huntington’s disease (HD), Multiple 
System Atrophy (MSA) and Progressive Supranuclear Palsy (PSP)). In general, these 
conditions can be divided into the akinetic rigid syndromes (including PD, MSA and 
PSP) and the hyperkinetic movement disorders (including HD). Diagnosis of these 
diseases is usually based on the onset of primary motor manifestations. For instance, 
Parkinson’s disease as the most common basal ganglia disorder is diagnosed on the 
basis of the presence of tremor at rest, bradykinesia, rigidity, postural and gait 
instability. However, previous research has shown that by the time of diagnosis, 
extensive damage has been already caused. In the case of PD, the damage corresponds 
to a decrease of 70% dopaminergic neurons and the 80% dopamine detriment.  
Indeed, the prodromal manifestations exist and it has been shown that they can 
be present several years prior to the diagnosis. Among the most common and the 
earliest manifestations is dysarthria. Dysarthria, as a speech distortion resulting from 
distorted neural control of speech, occurs in 90 % of all PD cases. Reason for this 
prevalence is caused by the complexity of human speech. As a consequence, the speech 
assessment may be a useful clue for early diagnosis. In addition, different 
neurodegenerative diseases result in different types of dysarthria which match the 
Automated assessment of diadochokinesis and resonance in dysarthrias associated with basal ganglia 
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affected brain area. For instance, HD results in hyperkinetic dysarthria, whereas PD 
results in hypokinetic dysarthria and PSP and MSA manifest mixed dysarthria including 
features of hypokinetic dysarthria, ataxic dysarthria and spastic dysarthria. For this 
reason, the speech analysis may also provide useful indices for the differential diagnosis 
of various neurodegenerations.   
 Currently, even though, dysarthria represents primarily a disruption of 
articulation, the majority of recently published studies have been based on phonatory 
features and sustained phonation task. Therefore, the goal of this study is to provide an 
automatic assessment of the articulatory and resonatory aspects of speech using speech 
diadochokinetic (DDK) task and sustained phonation of vowel /i/.  
Chapter 2: State of the Art 
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2 STATE OF THE ART 
2.1 Basal Ganglia 
2.1.1 Anatomy 
 The basal ganglia system consists of four main nuclei incorporating the striatum, 
the globus palidus, the subthalamic nucleus (SN) and the substantia nigra (STN). The 
striatum has a curved shape and consists of the caudate nucleus (CN) and the putamen. 
The putamen is connected with the globus palidus to form the lentricular nucleus.  The 
globus palidus may be further divided into external (GPe) and internal (GPi) sections. 
The substantia nigra, which is divided into two parts i.e. the substantia nigra pars 
compacta (SNc) and the substantia nigra pars reticulata (SNr), is located together with 
the subthalamic nucleus below the thalamus and the lentricular nucleus Figure 2.1. The 
system of basal ganglia, however, is not segregated and other structures, e.g. the 
thalamus and the pendulopontine nucleus, also have a profound effect on basal ganglia 
function.  
Automated assessment of diadochokinesis and resonance in dysarthrias associated with basal ganglia 
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Figure 2.1: Anatomical organization of the basal ganglia depicting the position and 
shape of the single basal ganglia nuclei (including the striatum formed by the caudate 
nucleus and the putamen, the lentricular nucleus formed by the putamen and the globus 
palidus, the substantia nigra and the subthalamic nucleus). Adapted from  (Yates, 2013) 
 
2.1.2 Dopaminergic Control 
 The effort to explain both physiological and pathological processes in basal 
ganglia during PD led to the creation of a functional model proposed by Albin et al. 
(1989). Based on the observed striatal heterogeneity, the model presented competitive 
direct and indirect excitatory pathways. The direct pathway is characterized by the 
presence of neurons containing the substance P and projects from the striatum to the 
GPi and the SNr; the indirect pathway is characterized by the presence of enkhephalins 
and projects from the striatum towards the GPe, see Fig. 2. (Lemoine and Bloch, 1995). 
 This model has explained the normal functioning of the basal ganglia, describing 
the excitatory effect of direct pathway and the inhibitory effect of the indirect pathway 
caused by the STN an excitation modulating the thalamocortical projection (Tripoliti, 
2010). Furthermore, this model provides explanation of movement disruptions in the 
Parkinsonian state. According to this model, the dopamine deficiency caused by 
dopaminergic cell loss in the SNc leads to disinhibition of the GPi and the SNr and 
therefore to the increased inhibition of the thalamocortical projection (Yelnik, 2002).  
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 Nevertheless, several concerns have been raised against this model. The study 
by Yelnik (2008) summarizes four main issues. First the model supposes two different 
types of dopamine receptors D1 (excited by dopamine) and D2 (inhibited by dopamine) 
located on different neuron populations. Even though the presumption has been 
supported by the study Gerfen et al. (1990), the study Aizman et al. (2000) observed 
that many striatal neurons co-localize both D1 and D2 receptors. Second the 
direct/indirect pathway model assumes that striatal neurons project either to the GPe or 
the GPi, yet the study Parent and Hazrati (1995) showed neurons projecting to the GPe, 
the GPi and the SNr. Third, according to the model, the GPe should be hypoactive, yet 
this finding has not been supported (Vila et al., 1997). Finally, the model does not 
consider the effect of other pathways which have a crucial effect on basal ganglia 
function (Smith et al., 1994, Francois et al., 2000, Jan et al., 2000, Orieux et al., 2000).       
2.1.3 Connectivity and Functional Organization 
 The understanding of how the basal ganglia interact with other parts of the brain 
or even how single nuclei interact with each other is limited. For this reason, several 
models have been developed. In general, all models agree that the main information 
input arises from the cereberal cortex; however there are different models of the 
information projection. 
 The direct/indirect pathway model presented by Albin et al. (1989) originally 
consisted of two segregated pathways, a direct pathway with excitatory effect on 
movement and an indirect pathway with inhibitory effect on the movement. The direct 
pathway traverses the striatum, continuing past the GPi and then the SNr. The indirect 
pathway passes from the striatum across the GPe, then the STN and from there to the 
GPi and the SNr. In the mid 90’s, the study Mink (1996) extended this model to include 
a hyperdirect pathway, see Figure 2.2. 
 Five segregated circuits were proposed in the model presented by DeLong and 
Wichmann (2007), these being the oculomotor, motor, dorsolateral, prefrontal, lateral 
orbitofrontal and anterior cingulated circuits. These five circuits originate in the frontal 
cortex and pass over the basal ganglia by both direct and indirect pathways. 
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Figure 2.2: The box-arrow model of the basal ganglia consisting of the direct 
pathway (the putamen and the GPi), the indirect pathway (the putamen, GPe, the STN, 
the GPi, the SNr) published in Albin et al. (1989) and the hyperdirect pathway 
connecting the cortex and the STN (Mink, 1996) 
 The third suggested model was the model of three functional territories 
presented in Parent (1990). This model posits the sensorimotor, associative and limbic 
basal ganglia territories. The sensorimotor territory processes motor and somesthetic 
information, the associative territory covers cognitive information and the limbic 
territory process emotional and motivational information. This model has been validated 
by a study based on primate models (Francois et al., 2004) and also by research 
performed on human participants (Mallet et al., 2007; Fig.3). 
 In addition to the models with segregated circuits, the study by Yelnik (2008) 
suggests some integrative properties of the basal ganglia. This model considers the 
significant decrease in volume of each successive nucleus, as well as the significant 
decrease in the number of neurons in each successive nucleus. Based on the strong 
convergence, several studies Yelnik (2008) and Flaherty and Graybiel (1993)  suggest 
that the basal ganglia do not form independent circuits but instead provide ascending 
connections between the sensorimotor, associative and limbic striatal subdivisions. 
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Figure 2.3:The basal ganglia model comprising the A) motor circuit, B) associative 
circuit and C) limbic circuit, which according to (Yelnik, 2008) are increasingly 
interconnected in each successive nucleus. Figure adapted from Rodriguez-Oroz et al. 
(2009) 
 
2.2 Basal Ganglia Disorders 
 According to the study Hallett (1993), the basal ganglia diseases can be divided 
into the hyperkinetic movement disorders and the akinetic-rigid syndromes (Figure 2.4). 
The akinetic-rigid syndromes are characteristic by difficulty in generating voluntary 
movements and comprise Parkinson’s disease and atypical parkinsonian syndromes. 
The hyperkinetic movement disorders are described as involuntary, undesired 
movements and comprise chorea, dyskinesia and dystonia.  
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Figure 2.4: Venn diagram of the four main basal ganglia disorders, representing disease 
overlaps and separations. Figure adapted from Hallett (1993) 
 
2.2.1 Akinetic-rigid Syndromes 
 The akinetic-rigid syndromes are characterized by reduction of movement and 
increased tone (rigidity). The reduction of movement can be further divided into the 
failure to move or to initiate a movement (akinesia) and slowness of movement 
(bradykinesia). The most common example of disease leading to akinetic-rigid 
syndrome is Parkinson’s disease. Among other diseases resulting in akinetic-rigid 
syndrome are the atypical parkinsonian syndromes including Progressive Supranuclear 
Palsy and Multiple System Atrophy. 
2.2.1.1 Parkinson’s disease 
 Parkinson’s disease is a progressive idiopathic disorder which primarily affects 
dopaminergic neurons in the SNc and causes dopaminergic striatal loss (Hornykiewicz, 
2008). Low levels of dopamine leads to dysfunction of the basal ganglia and primarily 
account for motor deficits. The cardinal features of PD include tremor at rest, rigidity, 
bradykinesia, and postural instability. In addition to the most common motor 
manifestations, other non-motor manifestations such as autonomic dysfunction, 
Chapter 2: State of the Art 
Michal Novotný - January 2016   9 
cognitive and neurobehavioral abnormalities, sleep alterations and sensory disruptions 
may be evident (Jankovic, 2008, Rodriguez-Oroz et al., 2009). 
 Being the second most common neurodegenerative disease PD usually affects 
people after age over 50 years and only 10% of all new cases are diagnosed in 
participants under 40 years of age (de Rijk et al., 2000, Hoehn, 1992). According to the 
study (de Rijk et al., 1997) PD affects 1.6% people over age of 65 years. Moreover the 
age is the most important factor, which in combination with population ageing, is 
assumed to result in the increase disease occurrence (Van Den Eeden et al., 2003).    
 The diagnosis of PD is based upon the presence of primary motor 
manifestations, which develop after 60-70% of dopaminergic neurons degenerate and 
dopamine levels are reduced by 80% (Bernheimer et al., 1973, Postuma et al., 2012). 
Due to the slow gradually progressive nature of the disorder, PD has a prodromal 
interval during which the main motor manifestations are not clearly evident. The 
duration of PD prodromal period has been documented as 3-15 years (Postuma et al., 
2012).  
 In the current time there is no treatment which would heal disease or even stop 
its progression. Therefore the pharmacotherapy and neurosurgical interventions that are 
currently available only offer alleviation of certain parkinsonian manifestations. Despite 
the fact that medication generally prolongs active life expectancy, the effect of 
treatment depends upon the stage of the disease during which it is initiated. 
Furthermore, there is no treatment that can cure PD or halt its progression. Therefore the 
early diagnosis of PD plays a vital role in improving the patient’s quality of life (Becker 
et al., 2002, Rodriguez-Oroz et al., 2009). 
2.2.1.2 Atypical Parkinsonian Syndromes 
In addition to the idiopathic form of Parkinson’s disease, there are atypical 
parkinsonian syndromes (APS) which may exhibit similar manifestations. However, the 
disorder’s progress is significantly faster, the APS respond poorly to pharmacological 
treatment by levodopa (L-dopa) and the disease manifestations exhibit other associated 
features (Quinn, 1995). Among others the two most common APS are progressive 
supranuclear palsy and multiple-system atrophy (Federico et al., 1997). 
Progressive Supranuclear Palsy 
 Progressive supranuclear palsy is a neurodegenerative disease of middle and late 
age. The incidence of disease is estimated as 5.3 new cases per 100 000 in population 
with age over 50 years, and the average life expectancy of 5.3 years after disease onset 
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(Bower et al., 1997). Nevertheless, Hughes et al. (1992) performed necropsies of 100 
patients dying with diagnosis of idiopathic PD documented PSP in 6% of them, which 
therefore suggests that the incidence reported by Bower et al. (1997) may be 
underestimated. Furthermore, the study (Schrag et al., 1999) scanned 121 608 people 
with records mentioning “Parkinson’s disease”, ”parkinsonism”, “Shy-Drager 
syndrome”, “parkinsonism with orthostatic hypotension” and  “other extrapyramidal 
disorders, not otherwise specified”, along with those ever receiving antiparkinsonian 
medication, and revealed that the PSP prevalence rate among these patients was 4.9 per 
100 000. 
 According to the most prominent manifestations, four PSP phenotypes are 
defined. The most common is Richardson’s syndrome (PSP-RS), while the second most 
common is PSP-parkinsonism (PSP-P) characterized by bradykinesia, rigidity and 
sometimes tremor. The third phenotype is known as pure akinesia, with gait freezing 
(PSP-PAGF), the fourth is corticobasal syndrome (PSP-CBS) and finally the 
progressive nonfluent aphasia (PNFA; Boeve, 2012, Williams and Lees, 2009).   
 PSP diagnosis is based on four mandatory inclusion criteria. First, as the age of 
main manifestation onset is usually between 50 and 70 years (Schrag et al., 1999), the 
onset age is at least 40 years. Second, the disease has the character of a gradually 
progressive disorder. Third, the patient manifests vertical supranuclear gaze 
abnormalities. The supranuclear gaze may be preceded by slowing of saccades and 
hypometric saccades and may be followed by horizontal gaze abnormalities (Rehman, 
2000). Supranuclear vertical gaze may occasionally be absent (Daniel et al., 1995). And 
finally, there is prominent postural instability with tendency to falls in the first year after 
symptom onset (Rehman, 2000). Furthermore, one of the clues for the PSP diagnosis is 
that patients experience bradykinesia and rigidity, which in PSP are usually 
nonresponsive to L-dopa.  
 No effective treatment for PSP is currently available. In contrast to PD, the 
dopaminergic replacement therapy is only transiently or mildly effective in relieving 
some of the manifestations, even though it may sometimes have beneficial effect 
(Rehman, 2000). 
Multiple System Atrophy  
 Multiple system atrophy usually starts in the sixth decade of life. After PSP, 
MSA is the second most common APS with an incidence of 3.0 new cases per 100 000 
Chapter 2: State of the Art 
Michal Novotný - January 2016   11 
in population with age over 50 years, the average life expectancy of 8.5 years from the 
symptom onset (Bower et al., 1997) and the prevalence between 1.9 and 4.5 cases per 
100 000 (Tison et al., 2000, Vanacore et al., 2001). However, similarly as in PSP 
Schrag et al. (1999)  reported MSA prevalence of 4.4 per 100 000 among participants 
who already received other diagnosis and thus suggests that, due to the misdiagnosed 
patients, the MSA prevalence figures are underestimated.  
 Among the main MSA features belong autonomic failure, Parkinsonism, 
cereberal ataxia and pyramidal signs in any combination (Wenning et al., 2004). 
According to the prominent motor presentations, two major MSA phenotypes can be 
clinically distinguished (Wenning et al., 2004). The more common parkinsonian (MSA-
P) phenotype comprises 80% of all cases, whereas cereberal ataxia (MSA-C) 
predominates in 20% MSA patients (Wenning et al., 1994). The MSA-P is connected 
with progressive akinesia and rigidity, jerky postural tremor, and orofacial or 
craniocervical dystonia.  It is difficult to distinguish early stages of MSA-P from PD, 
however MSA-P is connected with significantly more rapid deterioration. Furthermore, 
only 30% of MSA-P patients react to L-dopa treatment in short term and only 10% of 
MSA-P cases are responsive for the long term treatment (Boesch et al., 2002). The 
MSA-C phenotype is described by presence of gait ataxia, limb kinetic ataxia, scanning 
dysarthria, and cerebellar oculomotor disturbances (Wenning et al., 2004). The MSA-C 
in the later stages usually develops additional non-cerebellar manifestations, but in the 
early stages the MSA-C may be hardly distinguishable from idiopathic late onset 
cerebellar ataxia (Wenning et al., 2004).     
 At the current time, there is no treatment which would at least stop the disease 
progression, and as a result only the symptomatic treatment is administered. 
Nevertheless, even the symptomatic treatment is limited due to the absence of any 
effective treatment for the cerebellar manifestations of MSA and failure of parkinsonian 
features to show more than limited responsiveness to L-dopa. Therefore, treatment of 
autonomic dysfunctions - namely orthostatic hypotension, urinary symptoms, male 
impotence and inspiratory stridor - is crucial for the increase of the patient’s life quality 
at present time (Wenning et al., 2004, Jankovic et al., 1993, Bonnet et al., 1997, Hussain 
et al., 2001).   
2.2.2 Hyperkinetic Movement Disorders 
 The hyperkinetic movement disorders including chorea, dyskinesia and dystonia 
are characterized by the presence of involuntary undesired movements (Hallett, 1993). 
Automated assessment of diadochokinesis and resonance in dysarthrias associated with basal ganglia 
dysfunction 
12 Michal Novotný - January 2016 
One of the well-known hyperkinetic movement disorders comprising chorea and 
dystonia is Huntington’s disease (Walker, 2007).    
2.2.2.1 Huntington’s disease 
 Huntington’s disease is an autosomal-dominant neurodegenerative disorder with 
prominent atrophy in the caudate nucleus and the putamen (Vonsattel and DiFiglia, 
1998). The neurons containing enkephalin and those projecting to the GPe are more 
directly involved (Gutekunst et al., 2002) which shows preferential involvement of the 
indirect basal ganglia pathway (Paulsen et al., 2005). Distortion of the indirect pathway 
leads to the chorea, dystonia and incoordination. Furthermore, HD is associated with 
cognitive decline and behavioral difficulties (Walker, 2007).  
 As an autosomal-dominant disorder, Huntington’s disease is caused by the 
presence of a mutant protein, Huntingtin, which is expanded by an excessive number of 
CAG triplet repetitions. The present literature states, that the presence of 35 or fewer 
CAG triplets does not cause HD, yet reaching the number of 36 CAG repeats the 
incomplete penetrance may happen, and exceeding 40 triplets, the disease becomes fully 
penetrant (Bates and Benn, 2002, Rubinsztein et al., 1996). Indeed, previous studies 
have shown that number of CAG triplets does have a negative correlation with the age 
of symptom onset (Wexler et al., 2004, MacDonald et al., 1999). The mean age of HD 
becoming symptomatic is 40 years, though this onset is not limited to mid or late age 
and may be also present in juvenile form, consequetly HD may become symptomatic 
between age of 1 and 80 (Walker, 2007). The life expectancy after HD symptoms onset 
is 15 – 20 years (Ross and Tabrizi, 2011). 
 The prevalence of HD ranges between 5-7 cases per 100 000 people in white 
populations, whereas Asian and African populations show reduced prevalence of around 
0.5 cases per 100 000 (Hayden, 1981, Folstein, 1989, Harper and Jones, 2002). 
However, places where intermarriage with whites is more common show increased 
disease frequency (Hayden, 1981, Folstein, 1989, Harper and Jones, 2002). 
 Although currently only symptomatic treatment is available, several agents have 
shown promising results in animal HD models. Among others, the coenzyme Q10 and 
the substance creatine show the most interesting outcomes, and the two phase III 
clinical trials focus on the administration of these two substances in HD patients (Ross 
and Tabrizi, 2011). However, with these studies there arises a need for the biomarker to 
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reflect treatment efficacy and disease progression, because currently used perceptual 
assessments are subjective and do not display sufficient sensitivity (Walker, 2007).   
2.3 Speech 
 Speech is possibly the most complex human activity, involving the coordination 
of up to one hundred muscles and several brain centers (Simonyan and Horwitz, 2011).  
Furthermore, healthy people using this precise muscle coordination are usually able to 
produce speech at a high rate of five to six syllables per second (Levelt, 1989). 
Production of speech may be distributed between three anatomical structures, those 
being the respiratory, the laryngeal and the supralaryngeal systems. The respiratory 
system consists of the lungs and provides airflow as a source of energy for the speech. 
The laryngeal system includes vocal folds and controls alterations between voiced 
unvoiced sounds and intonation. The supralaryngeal system comprises the vocal tract, 
the velum, the tongue, the jaw and the lips and is responsible for articulation. As for 
articulation itself, according to Tripoliti (2010) it may be further divided into two 
articulatory tasks. The first part is to interrupt airflow and therefore produce unvoiced 
sounds, and the second is to set the parameters of vocal tract which modulates voiced 
sounds (Stevens, 2000). In contrast to the anatomical division, speech may be also 
divided into speech production subsystems including respiration, phonation, articulation 
and prosody.  For these terms, we can define respiration as the mechanical exchange of 
gas via the lungs, phonation as vocalization through vocal fold vibration, articulation 
characterized as the adjustment of the vocal tract and sound modulation, and prosody as 
tone, intonation, rhythm and stress in utterance.  
2.3.1 Speech Motor Control 
 Studies by Brown et al. (2009) and Price (2010) used imaging techniques during 
speech to identify the brain areas responsible for the speech production. These studies 
illustrated the involvement of the motor and premotor cortex, the cerebellum, the 
supplementary motor area (SMA) the superior temporal gyri, the tempoparietal cortices 
and the anterior insula with left lateralized activation in the putamen.   
 It has been shown that the anterior insula is activated with speech being 
executed or only imagined, and therefore it is assumed that the anterior insula is 
responsible for speech planning (Riecker et al., 2002, Watkins et al., 2008). The SMA 
area is also included in motor planning and motor sequencing (Indefrey and Levelt, 
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2004), though its precise role is not well understood (Price, 2010). During movement 
initiation and execution the bilateral premotor and motor cortex, the pre-SMA, and the 
left putamen are activated (Brown et al., 2009). Furthermore, Brown et al. (2009) was 
able to distinguish two areas responsible for larynx movements and for tongue and lip 
movements. The anterior cingulated and bilateral head of the caudate was found to be 
important for the orofacial speech movements (Chang et al., 2009). Further, the 
involvement of additional brain areas has been documented during increased complexity 
of produced speech (Soros et al., 2006). This study, using single /pa/, /ta/, /ka/ syllables 
and the /pa/-/ta/-/ka/ syllable train and the clustered MRI, detected that monosyllabic 
utterances lead to almost identical activation in pyramidal and extrapyramidal 
structures, whereas multisyllabic utterances cause activation in the Broca’s area, the left 
cerebellum, the left caudate nucleus and the bilateral superior and middle temporal gyri 
(Figure 2.5). 
 
 
 
Figure 2.5: The neural network of speech production. Areas activated during speaking 
are shown in red. Schematic fiber tracts connecting those areas are represented by black 
arrows. Only main areas of activation and main fiber tracts are shown. The 
supplementary motor area (1) and the cingulate motor areas (2) are connected with the 
primary motor cortex (3). Several connections exist between the cortical and the 
subcortical motor system. Subcortical activation was found in the thalamus (4), the 
basal ganglia (not shown), the red nucleus (6) and in the vermal and paravermal 
cerebellum (5). In addition, the bilateral posterior superior temporal gyrus (7) was 
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activated. The brain stem nuclei innervating the articulatory organs, such as the nucleus 
hypoglossus, lay outside the field of view (8). Adopted from study Soros et al. (2006). 
2.3.1.1 Basal Ganglia Speech Motor Control  
 The effect of different speech rate on the place of activation has been 
documented by Wildgruber et al. (2001), who used three rates of silent /ta/ syllable 
repetitions. This study has described the activation of the left putamen during lower 
rates and the activation of the cerebellum during higher rates. This finding in 
accordance with clinical observations of accelerated speech tempo in patients with basal 
ganglia disruptions (Ackermann et al., 1997), and that maximum speech rate does not 
drop below 3 Hz in patients with cerebellum-damage-induced speech impairment. 
Furthermore, the asymmetry of basal ganglia activation is in concordance with the 
observed articulatory impairment and reduced voice volume after left-sided subcortical 
infarction (Alexander et al., 1987).  
 Together with the different area activation, two different time patterns were 
described (Riecker et al., 2005). The first achieved peak activation happened in three to 
five seconds after the onset of acoustical stimulation and included the SMA, the left 
dorsolateral pre-frontal cortex (including the Broca’s area), the left anterior insula and 
the right superior cerebellum. This pattern is thought to be responsible for the motor 
preparation. Conversely, the second pattern, which was activated eight to nine seconds 
after onset of speech production, includes the left sensorimotor cortex, left thalamus, 
left putamen/pallidum, left caudate nucleus and right inferior cerebellum. This loop is 
thought to be responsible for the movement execution (Figure 2.6).  However, due to 
the complexity of speech, the involvement of different brain areas is complicated. 
Examination of stuttering showed overactivity of the substantia nigra, subthalamic 
nucleus, pendulopontine nucleus and red nucleus (Watkins et al., 2008). Furthermore, 
Brown et al. (2009) detected no putamen activity during phonation and strong left 
hemispheric activity during connected speech, suggesting that the putamen is more 
involved in the articulation than in phonation. Nevertheless, damage of the basal ganglia 
among others leads to severe disruption of phonation.  
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Figure 2.6: The preparative and executive loops obtained by quantitative functional 
connectivity analysis. The bold lines are connections with very high correlation (r 
higher than 0.90), whereas thin lines mean high correlation (r between 0.75 to 0.90). 
Low and intermediate correlations are not included. Adapted from Riecker et al. (2005) 
2.3.2 Dysarthria 
 Dysarthria is commonly defined as a neurologic speech disorder. However, 
Duffy (2013) provides a narrower description of dysarthria as a neurological speech 
disorder resulting in alterations of the strength, speed, range, steadiness, tone, or 
accuracy of movements required for the proper respiration, phonation, articulation or 
prosody. Furthermore, Duffy (2013) explicitly states that a) dysarthria is of neurological 
origin, b) dysarthria is a disorder of movement and c) dysarthria can be divided into 
different subtypes according to its perceptual characteristics and, presumably, according 
to the underlying neuropathology.  
 Among neurodegenerative diseases, dysarthria is a common manifestation. 
Examination of two hundred PD participants revealed that dysarthria is present in up to 
90% (Logemann et al., 1978). Furthermore, the high sensitivity of speech implies that 
dysarthria may be one of the earliest prodromal manifestations of neurodegenerative 
disease. For instance Postuma et al. (2012) documented the presence of disrupted 
speech in PD patients 3-15 years prior to disease diagnosis. Six major dysarthria 
subtypes with their most common degenerative causes are listed in Table 2.1; 
furthermore Duffy (2013)  defines the mixed dysarthria as a combination of previous six 
dysarthria subtypes. For the more detailed description of PD, PSP, MSA and HD related 
dysarthria subtypes see further sections concerning ataxic, spastic, hypokinetic and 
hyperkinetic dysarthrias. 
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Table 2.1: Neurodegenerative causes and common manifestations of different 
dysarthria subtypes 
Flaccid Dysarthria 
Neuropathology Manifestation 
Amyotrophic lateral sclerosis; motor neuron 
disease; multiple system atrophy; spinomuscular 
atrophy, Kenedy’s disease 
 
Hypernasality; breathiness; diplophonia; nasal 
emission; audible inspiration; short phrases; rapid 
deterioration and short recovery with rest; speaking 
on inhalation 
 
Spastic Dysarthria 
Neuropathology Manifestation 
 
Amyotrophic lateral sclerosis; motor neuron 
disease; multiple system atrophy; progressive 
supranuclear palsy; spinocerebelar atrophy; 
Friedrych’s ataxia; primary lateral sclerosis 
Harshness; low pitch; slow rate; strained-strangled 
quality; pitch breaks; slow and regular alternate 
motion rates;  
 
Ataxic Dysarthria 
Neuropathology Manifestation 
Cerebellar degeneration; Spinocerebellar ataxia; 
multiple system atrophy, progressive 
supranuclear palsy; olivpontocerebelar atrophy 
 
Excess and equal stress; irregular articulatory 
breakdowns; irregular alternate motion rates; 
distorted vowels; excess loudness variation; 
telescoping of syllables 
 
Hypokinetic Dysarthria 
Neuropathology Manifestation 
Parkinson’s disease; parkinsonism; multiple 
system atrophy; progressive supranuclear 
palsy; Lewy bodies disease; corticobasal 
degeneration; frontotemporal dementia; 
parkinsonism + amyotrophic lateral sclerosis 
 
Monopitch; monoloudness; reduced stress; 
Inappropriate silences; short rushes of speech; 
variable rate; increased rate i segments; increased 
overall rate; rapid “blurred” alternate motion rates; 
repeated phonemes; palilalia  
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Hyperkinetic Dysarthria 
Neuropathology Manifestation 
Huntington’s disease 
 
Irregular alternate motion rates; distorted vowels; 
prolonged intervals; sudden forced 
inspiration/expiration; voice arrests; transient 
breathiness; voice tremor; myoclonic vowel 
prolongation; intermittent hypernasality; slow and 
irregular alternate motion rates; marked deterioration 
with increased rate; inappropriate vocal noises; 
coprolalia; intermittent strained voice/arrests; 
intermittent breathy/aphonic segments 
Unilateral Upper Motor Neuron Dysarthria 
Neuropathology Manifestation 
Multiple sclerosis 
 
Poorly sequenced sequential motion rates; 
articulatory groping; distorted substitutions attempts 
at self-correction; articulatory complications; 
automatic > volitional speech; inconsistent 
articulatory errors; increased errors with increased 
length 
Chapter 2: State of the Art 
Michal Novotný - January 2016   19 
2.3.2.1 Ataxic Dysarthria 
 Ataxic dysarthria is related to the damage of cerebellar control circuit and 
manifests in reduced muscle tone and incoordination, respiration, phonation, 
articulation and prosody. Among others ataxic dysarthria features are present in PSP 
and MSA patients.  
 Examination of respiration and laryngeal function found that patients with ataxic 
dysarthria exhibits reduced vital capacity and respiratory and phonatory incoordination 
(Abbs et al., 1983, Murdoch et al., 1991, Mcclean et al., 1987). Examination of speech 
have recorded incoordination between exhalation and phonation, paradoxical or abrupt 
changes in the rib cage movements, irregular chest wall movements during prolonged 
phonation and tendency to initiate utterance at lower lung levels (Abbs et al., 1983, 
Murry, 1983). Studies concerned with the phonatory aspects have described abnormal 
variability of F0 and intensity, increased jitter, shimmer, pitch level and abnormal voice 
onset time (VOT; Gentil, 1990, Kent et al., 2003, Kent et al., 1997). Duffy (2013) 
summarizes these findings as phonatory instability or phonatory-respiratory instability, 
conditions that are secondary to problems of muscle coordination, timing, control, or 
tremor. 
 Regarding articulatory deficits, the literature refers to the presence of slow rate 
comprising increased sentence and word duration, increased duration of formant 
transitions, slow alternate motion rates excessive pauses slow supralaryngeal 
articulation movements and difficulties to initiate movement (Ackermann et al., 1995b, 
Ackermann and Hertrich, 1997, Ziegler and Wessel, 1996, Kent et al., 2000a, Kent et 
al., 1997).  
2.3.2.2 Spastic Dysarthria 
 Spastic dysarthria is related to the bilateral damage of direct and indirect 
pathways. The main features of spastic dysarthria are the combination of spasticity and 
weakness. Among other neural disruptions, ataxic dysarthria features are present in PSP 
and MSA. 
 The effect of spastic dysarthria on respiration is not well understood. However 
the possible effect of reduced voluntary activation of respiratory muscles has been 
presented (Gouveia et al., 2006). Moreover, Duffy (2013) suggests that spastic 
dysarthria may have a similar effect to spastic cerebellar palsy, exhibiting respiratory 
intake restriction and reduced vital capacity (Aronson, 1990). 
Automated assessment of diadochokinesis and resonance in dysarthrias associated with basal ganglia 
dysfunction 
20 Michal Novotný - January 2016 
 Visual studies examining the larynx found hyperadduction of the true and false 
vocal cords (Aronson, 1990, Ziegler and von Cramon, 1986).  Studies based on the 
acoustic approach have documented deviations in F0, decreased harmonic to noise ratio, 
decrease F0 and intensity variability and vowel prolongation duration (Darley et al., 
1975, Patel and Campellone, 2009, Sherrard et al., 2000). These findings are in line 
with perceptual features including monopitch, strained-harsh voice quality, and slow 
rate. 
 The articulation assessment showed decreased speech rate, imprecise 
articulation related to weakness, slowness and reduced movement range, inadequate 
tongue and jaw and preserved jaw movements and reduced vowel space (Darley et al., 
1975, Ziegler and von Cramon, 1986, Hirose, 1986, Patel and Campellone, 2009). 
Furthermore, the palate movements are slowed or absent during vowel prolongation, 
and therefore may lead to hypernasality (Duffy, 2013).   
2.3.2.3 Hypokinetic Dysarthria 
 Parkinson’s disease is the most common cause of hypokinetic dysarthria, which 
is in general characterized by the lack of movements. Nevertheless, features of 
hypokinetic dysarthria have been also documented in MSA and PSP. Even though the 
hypokinetic dysarthria is primarily an articulatory disorder it also has an effect on the 
patient’s respiration, phonation and prosody. 
 Respiration research of patients with hypokinetic dysarthria has documented 
reduced maximum vowel duration, reduced number of syllables per breath, increased 
inspiration duration, increased number of inspirations and reduced airflow during vowel 
production (Canter, 1965b, De Letter et al., 2007, Huber and Darling, 2011, Huber et 
al., 2003). Although these characteristics also could be attributed to the laryngeal 
distortion, the physiological examinations have revealed reduced vital capacity, reduced 
amplitude of chest movements, reduced respiratory muscle strength and endurance, and 
irregularities in breathing patterns (De Letter et al., 2007, Huber et al., 2003, Solomon 
and Hixon, 1993, Weiner et al., 2002). Therefore, respiratory disruption may be 
attributed at least partially to other hypokinetic manifestations, especially, reduced 
loudness, short phrases, short rushes of speech and inappropriate pauses (Duffy, 2013).  
 A large number of studies have focused distortion of fundamental frequency 
(F0) and its variability (Kent et al., 2000b, Skodda et al., 2009, Rusz et al., 2011a, Rusz 
et al., 2011b, Tykalova et al., 2014, Goberman and Coelho, 2002, Midi et al., 2008, 
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Bunton, 2006), voice tremor (Gallena et al., 2001), maximum phonation time, voice 
quality estimation including jitter, shimmer and signal to noise ratios (Rusz et al., 
2011b, Adams, 1997, Gamboa et al., 1997, Ludlow and Basich, 1984), laryngeal motor 
control (Kent and Rosenbek, 1982, Ludlow and Basich, 1984) and laryngeal structure 
and movement (Hanson et al., 1984). In general, these studies have documented reduced 
laryngeal efficiency, flexibility and control, which are responsible for distorted 
phonation and prosody features. These disruptions may in particular be attributed to the 
rigidity, reduced range and slowness of movements in the laryngeal muscles (Duffy, 
2013). 
 The examination of articulatory deficits documented several distortions 
including abnormal nasal airflow (Theodoros et al., 1995, Hoodin and Gilbert, 1989), 
decreased articulatory precision (Ramig et al., 1988), reduced range of jaws, lips 
(Caligiuri, 1989, Darling and Huber, 2011, Forrest and Weismer, 1995, Hirose, 1986) 
and also, using the first and the second formant frequencies (F1, F2), the tongue 
movements (Forrest et al., 1989, Rosen et al., 2006, Rusz et al., 2013b). Among other 
changes, there are articulatory abnormalities in speech rate (Canter, 1965a, Canter, 
1963, Huber and Darling, 2011, Rusz et al., 2011a, Rusz et al., 2011b, Skodda and 
Schlegel, 2008, Skodda, 2011, Chenausky et al., 2011), reduced force in upper and 
lower lips, velum and tongue (Netsell et al., 1975, Gentil et al., 2003, Pinto et al., 2003, 
Solomon et al., 2000) and the jaw and lip tremor (Hunker and Abbs, 1984).  
2.3.2.4 Hyperkinetic Dysarthria 
 Duffy (2013) associates hyperkinetic dysarthria mostly to basal ganglia 
dysfunction, though he also notes that the cereberal control circuit or other portions of 
extrapyramidal circuit may be involved. The most common neurodegenerative disease 
related to hyperkinetic dysarthria is Huntington’s disease; however the 
neurodegenerative causes of hyperkinetic dysarthria are only a minority of all the 
hyperkinetic dysarthria cases, and most of the reasons are unknown (Duffy, 2013). 
  There are only few studies concerning hyperkinetic dysarthria. Based on the 
description provided in (Duffy, 2013), it is possible to detect sudden, forced involuntary 
inspirations or expirations. This is a distinctive pattern which occurs only in 
hyperkinetic dysarthria (Darley et al., 1975). Another hyperkinetic dysarthria 
manifestation is the voice with strained-strangled, breathy and harsh quality with excess 
loudness variation. Furthermore, abnormal F0 variability, variable VOT and reduced 
vowel duration have been detected in HD patients (Hertrich and Ackermann, 1994, 
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Ramig, 1986, Zwirner et al., 1993, Skodda et al., 2014a, Skodda et al., 2014b, Rusz et 
al., 2014c, Rusz et al., 2014b). One of the most distinct patterns is the presence of 
sudden voice arrests (Rusz et al., 2014c).  
 Articulatory deficits are thought to be the most prominent, yet not the most 
distinguishing, and comprise hypernasality, distorted vowels and irregular articulatory 
breakdowns caused by choreiform movements of palate, tongue, jaws and lips. The 
abnormal F1 and F2 variability in Huntington’s disease has been documented and is 
considered to have negative effect on prosody (Ackermann and Ziegler, 1995, Hertrich 
and Ackermann, 1994, Duffy, 2013). Prosodic disturbances are the most prominent, 
reflecting the impact of chorea on speech. Darley et al. (1975) identified prolonged 
intervals, inappropriate silences, prolonged phonemes, excess and equal stress, 
monopitch, monoloudness, reduced stress, and short phrases.        
2.4 Methodology of Dysarthria Assessment 
 The gold standard of dysarthria analysis is perceptual assessment (Kent, 2000). 
Nevertheless, the condition of dysarthria is a complex speech disorder distributed 
among all speech systems, including respiration, phonation, articulation and prosody, all 
of which are more or less affected depending on dysarthria subtype. The effect of 
masking is common when several dysarthria manifestations overlap, which makes 
perceptual assessment difficult. Furthermore it has been documented that the reliability 
of perceptual assessment is limited due to its subjective nature (Brancewicz and Reich, 
1989). Therefore the objective instrumental parameters are used to provide useful 
information and support for the perceptual assessment.  
 One of the most affordable instrumental methods is acoustic analysis, which is 
based on similar approaches as the perceptual assessment. In accordance to the 
measured speech feature, a proper speech task is chosen similarly as in the perceptual 
assessment. These tasks are designed to reflect specific speech features and ideally to 
diminish the effect of other speech aspects. These four basic speech tasks consist of 
sustained phonations, speech diadochokinetic tasks, rhythmic tasks and connected 
speech. Connected speech provides the most complex task enabling assessment of all 
speech subsystems, though it is the most prone towards effect of masking. The rhythmic 
tasks are design to address speech timing (Skodda and Schlegel, 2008, Rusz et al., 
2015). The DDK task, due to the rapid repetitive character, is sensitive to disruptions of 
articulatory movements (Rusz et al., 2011b). Sustained phonation is the most common 
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speech task, even though it mostly reflects dysphonia (Little et al., 2009, Tsanas et al., 
2012). The sustained phonation could be used for estimation of articulation to a limited 
extent describing formant frequencies and the vocalic triangle (Rusz et al., 2013b), and 
estimating distorted velopharyngeal control (Kataoka et al., 1996). 
2.4.1 Rapid Articulatory Moves 
 The perceptual assessment of articulatory moves is limited by the masking 
effect, which is the result of the strong acoustic overlap of dysarthria manifestations. 
For instance the distorted tongue movements are manifested by distorted formant 
frequencies (Kent et al., 2000b), yet it has been shown that formant frequencies are also 
affected by disrupted velopharyngeal control (Fant, 1960). Moreover, the presence of a 
strained, harsh, or noisy voice further distorts perceptual assessment. For this reason, 
speech tasks designed to highlight articulatory deficits are usually employed.   
 One of the common speech tasks for the articulatory movement assessment is 
the diadochokinetic speech task, defined as rapid repetitions of single syllable words or 
series. For instance, one of the common DDK tasks is the consonant vowel (CV) train 
of /pa/, /ta/ and /ka/ syllables. During this task the participant is asked to perform the 
fastest as well as the most steady /pa/-/ta/-/ka/ repetitions which are still intelligible.  
This series contains transitions between consonant and vowels as well as tongue 
transitions between bilabial, alveolar and velar positions. For this reason, the DDK task 
provides a reasonable trade-off between simple sustained phonation, which is not 
suitable to reflect the variety of different articulation disruptions, and the connected 
speech, which is more prone towards dysarthria feature overlap. Indeed, it has been 
shown that in some neurodegenerative diseases, patients are able to willingly 
compensate for the articulatory disruptions (Ackermann et al., 1995a). However, the 
effort to produce the utterance as fast as possible limits this ability to compensate 
deficits to some extent. 
 The most common parameters estimated on the basis of the DDK task are 
estimations of articulation rate including speech rate (DDK rate) and variability of 
speech rate (DDK regularity; Fletcher, 1972, Rusz et al., 2011b, Rusz et al., 2014a, 
Weismer, 1984). Among other parameters proposed by Rusz et al. (2011b) belong the 
relative intensity range variation as variations of energy, robust relative intensity slope 
assessing linear regression of energy, spectral distance change variation as a variations 
of spectral distance changes in signal spectrum and robust formant periodicity 
correlation describing the first autocorrelation coefficient of F2 contour. Furthermore, 
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other parameters estimating distinct articulation dimensions may be applied to the DKK 
task, namely the voice onset time (Kent et al., 2000b, Fischer and Goberman, 2010), 
reflecting laryngeal and supralaryngeal coordination, consonant spectral characteristics 
representing articulatory undershoot (Kent et al., 2000b) and signal-to-noise ratio 
addressing occlusive weakening (Duez, 2007). 
2.4.2 Velopharyngeal Control 
 Currently the most common method for hypernasality estimation is perceptual 
rating.  However, inter-rater and intra-rater reliability is questionable and perceptual 
rating requires a trained speech specialist (Kuehn and Moller, 2000). Consequently, 
more objective methods have been developed to complement perceptual ratings. 
Invasive methods, such as x-ray tracing with a lead pellet attached to the velum, provide 
direct observation of velopharyngeal movements (Hirose et al., 1981). Other methods 
employ indirect estimation based on measurements of nasal airflow, nasal cavity 
sonography, nasometry comparing nasal and oral acoustic outputs, or the Horii Oral-
Nasal Coupling Index (Hardin et al., 1992, Dillenschneider et al., 1973, Horii, 1980). 
One of the least demanding methods with respect to patients and equipment is the 1/3-
octave spectra, which is based on direct, non-invasive analysis of acoustic speech signal 
and was originally developed for the estimation of velopharyngeal insufficiency in cleft 
palate (Kataoka et al., 1996) and was later validated by Vogel et al. (2009).  
 The 1/3-octave spectra method is a type of spectral analysis based on the 
examination of spectral changes caused by resonatory speech pathologies. This method 
is based upon the linear source–filter theory of speech, which was first described by 
Gunnar Fant (Fant, 1960). The linear source–filter theory presents speech as a product 
of three basic components including source characteristic S(f) connected with 
fundamental frequency, vocal tract transfer function T(f) associated with formant 
frequencies and mouth radiation characteristic R(f) (Kent and Read, 2002, Stevens, 
2000). The source characteristic approximates the spectrum of vocal folds vibrations, 
which is filtered by the transfer function of the vocal tract and further modified by the 
radiation characteristics of the mouth (see Fig. 7; Kent and Read, 2002, Stevens, 2000). 
Although the transfer function is essentially given by the length of the vocal tract, it 
may be modified by vocal tract adjustments. Therefore different voiced phonemes are 
produced by different settings of the cross-sectional area through the vocal tract. 
Variations in the vocal tract cross-sectional area shape and shift formant frequency 
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peaks along the frequency axis. The shape of the vocal tract is then approximated by the 
resonatory model. For instance, the vowel /ae/ may be represented by two connected 
resonators, where the first representing the pharynx has significantly smaller cross-
sectional area than the consecutive tube approximating the oral cavity with low tongue 
position (Kent and Read, 2002, Stevens, 2000). These settings result in a spectrum with 
close F1, F2 and distant F3. Conversely, due to constriction in the oral cavity created by 
the tongue, the vowel /i/ may be approximated by a Helmholtz resonator with a low 
distant F1 and high close F2 and F3, as is illustrated in Figure 2.7. (Kent and Read, 
2002, Stevens, 2000, Fant, 1960). 
 
 
Figure 2.7: Source of voicing S(f), vocal tract transfer function T(f) and radiation 
characteristic R(f) with final sound pressure p(f) as a product of these three functions 
with their marked positions along the vocal organs. 
  
When approximating a straight tube, every transfer function is an all-pole filter where 
the poles represent only formant frequencies, even though different cross-sectional area 
along the vocal tract leads to differing spectral characteristics (Stevens, 2000). 
Nevertheless, in the case that nasality occurs, the nasal cavity passage is parallel to the 
oral cavity and the nasal poles and zeros are introduced to the vocal tract transfer 
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function (Stevens, 2000). This affects the shape and position of the formant frequencies 
and implements nasal resonance Fn at an area around 1 kHz (Stevens, 2000, Kataoka et 
al., 1996). Even if there are some general effects such as a flatter spectrum shape up to 
1200 kHz due to the wider and lower F1 and the presence of Fn, the exact effect is 
dependent on the shape of vowel spectrum (Stevens, 2000). Therefore, F1 is shifted to 
the lower frequencies in the back vowel /ae/, whereas the prominence of F2 may be 
significantly decreased due to proximity to nasal zero. In the case of the front vowel /i/, 
the nasal F1 is shifted to higher frequencies compared to the non-nasal F1. Formants F2 
and F3 are not significantly affected by hypernasality as illustrated in Figure 2.8. 
Furthermore, due to the distance between F1 and F2 in the /i/ spectrum, the Fn peak is 
more evident than in the /ae/ vowel. 
 As a matter of this fact, the vowel /i/ appears to have the best potential for 
hypernasality detection based on spectral analysis. Being the most evident, nasal 
resonance in the vowel /i/ should be more robust to anatomical variation of the nasal 
cavity including asymmetrical shape and varying shape of the connected sinuses. 
Moreover, the vowel /i/ is considered to be the most sensitive to nasal coupling (Fant, 
1960)  and thus previous studies have focused on the quantitative evaluation of VIS 
hypernasality through the sustained vowel /i/ (Kataoka et al., 1996, Yoshida et al., 2000, 
Lee et al., 2003). Based on experiments with experienced listeners and rating of 
nasalance in artificially generated sounds in patients with cleft palate and those that 
underwent maxillectomy, previous studies have confirmed the vowel /i/ as an ideal 
speech task for hypernasality assessment.  
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Figure 2.8: Three settings of the vocal tract for the vowels /ae/, /i/ and /i/ with present 
nasality. Each vowel is represented by the anatomical setting, acoustic model of the 
vocal tract and shape of the vocal tract transfer function estimated in Stevens (2000). 
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3 OBJECTIVES AND 
HYPOTHESES 
3.1 Rapid Articulatory Moves 
  
 Although articulatory deficits represent an important manifestation of dysarthria 
in Parkinson’s disease, the most widely used methods currently available for the 
automatic evaluation of speech performance are focused on the assessment of 
dysphonia.  
 We hypothesize that the acoustical assessment of articulatory moves during the 
DDK task may provide useful information about, articulation of laryngeal and 
supralaryngeal articulators. Furthermore we assume that on the basis of the articulatory 
assessment it is possible to perform automatic classification of PD vs. healthy speakers.  
 Furthermore we assume that it is possible to extend application of DDK-based 
assessment on other dysarthria types including hyperkinetic dysarthria related to HD. 
And more importantly to apply objective assessment of articulation disruption on 
atypical parkinsonian syndromes such as progressive supranuclear palsy and multiple 
system atrophy to verify whether any specific speech characteristics allow 
differentiation between PD, PSP and MSA.  
 We hypothesize that due to the different pathophysiology of PD, PSP and MSA 
the distinctive speech patterns may be detected using acoustical assessment of speech 
performance and these patterns may provide useful clues for the differential diagnosis.  
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Therefore aims of the section Rapid articulatory moves are:   
 
 To develop an automatic segmentation algorithm allowing for the accurate 
detection of the initial burst, vowel onset, and occlusion in patients 
diagnosed with PD.  
 
 To extend the detection algorithm to be applicable to different dysarthria 
subtypes, and to demonstrate its applicability by evaluating PD and HD 
speakers. 
 
 Using the proposed segmentation algorithm to introduce several acoustic 
features sensitive to possible articulatory deficits caused by hypokinetic 
dysarthria. 
 
 To explore the suitability of the designed acoustic features in capturing 
parkinsonian articulatory disorder, and to perform a classification 
experiment in order to differentiate PD subjects from controls. 
 
 To determine specific patterns of articulatory disruptions and estimate 
their reliability in differentiating between PD, PSP and MSA 
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3.2 Velopharyngeal Control 
 The purpose of the velopharyngeal control section is to analyze acoustic and 
perceptual correlates of the velopharyngeal seal closure in Parkinson's disease and 
Huntington's disease participants in comparison to healthy control (HC) speakers.  
 We hypothesize that bradykinetic distortion of palatal control in PD may distort 
articulation of the velopharyngeal seal and accordingly lead to steady air leakage and 
increased hypernasality. Moreover, distorted neuromuscular control of levator veli 
palatini in PD may also lead to increase of hypernasality with increased fatigue during 
speech tasks. Conversely in HD, we hypothesize that choreatic movements of the 
velopharyngeal seal and velum may lead to varying resonance distortion, which would 
be in agreement with reported intermittent hyperkinetic dysarthria.  
 Furthermore we hypothesize that the different underlying pathology of PD, PSP 
and MSA results in different resonatory disruption patterns and therefore may provide 
useful clue for the differential diagnosis of PD, PSP and MSA. 
Therefore goals of the section Resonance are: 
 
 To employ methods of objective hypernasality assessment, which may be 
easily grasped by between the tools of the differential diagnosis. 
 
 To evaluate the presence and character of hypernasality in PD and HD 
speakers.  
 
 To examine possible relationships between the severity of hypernasality and 
disease-specific motor manifestations, to provide more insight into the 
pathophysiology responsible for development of hypernasality in basal 
ganglia disorders.  
 
 To determine specific resonatory disruption patterns characteristic for PSP, 
MSA and PD. 
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4 METHODS 
4.1 Preliminary Note 
 The thesis comprises four studies which can be divided into two groups. The 
first three studies describe DDK-based approach of estimation of articulatory movement 
deficits connected with neurodegenerative diseases. The first two depict the automatic 
approach for the evaluation of articulation and application in early diagnosis. The third 
study concerns articulatory differences between idiopathic PD and atypical parkinsonian 
syndromes (MSA and PSP). The second group describes the effect of 
neurodegeneration on velopharyngeal control in the PD, the APS and the HD.    
 Because of the different purposes of each study, different participant groups 
were formed, as a result of the different study designs and the necessity to match 
different participant groups. All the participants were Czech native speakers.  
  The studies were approved by the Ethics Committee of the General University 
Hospital in Prague and all participants provided written, informed consent. 
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4.2 General Methods 
4.2.1 Clinical Diagnostic Criteria 
 The inclusion criteria of patients for Parkinson’s disease were UK Parkinson’s 
Disease Society Brain Bank clinical diagnostic criteria (Hughes et al., 1992); for 
progressive supranuclear palsy were used NINDS-PSP (Litvan et al., 1996); for multiple 
system atrophy were used the consensus diagnostic criteria (Gilman et al., 2008); 
Huntington’s disease patients were genetically confirmed. 
 UK Parkinson’s Disease Society Brain Bank clinical diagnostic criteria consist 
of: Step 1) presence of bradykinesia (slowness of initiation of voluntary movement with 
progressive reduction in speed and amplitude of repetitive actions) and at least one of 
the following: muscular rigidity, 4-6 Hz rest tremor, postural instability not caused by 
primary visual, vestibular, cerebellar, or proprioceptive dysfunction; Step 2) exclusion 
criteria for Parkinson’s disease; and Step 3) supportive prospective positive criteria for 
Parkinson’s disease including excellent response to L-dopa. 
 The NINDS-PSP comprises three groups of criteria including mandatory 
inclusion criteria, mandatory exclusion criteria and supportive criteria. Furthermore, the 
inclusion criteria are divided into three degrees, these being PSP possible, PSP probable 
and PSP definite. The condition of possible PSP is described by presence of a gradually 
progressing disorder with an onset after 40 years of age, vertical supranuclear gaze 
palsy or both slowing of vertical saccades and prominent postural instability with falls 
in the first year of onset, as well as the absence of evidence of other diseases that could 
explain these features. The probable PSP degree requires vertical supranuclear palsy, 
prominent postural instability and falls in the first year of onset, accompanied as well by 
the other features of possible PSP. The PSP definite degree is defined by a history of 
possible or probable PSP and histologic evidence of typical PSP.   
 The consensual diagnostic criteria for MSA define three criteria groups 
describing clinical MSA certainty as possible, probable and definite. The definite group 
requires MSA neuropathological confirmation.  The possible MSA degree requires a 
sporadic, progressive adult-onset disease including parkinsonism or cerebellar ataxia 
and at least one feature suggesting autonomic dysfunction and one other feature which 
may be a clinical or a neuroimaging abnormality. The Probable  MSA is described by 
presence of  sporadic, progressive adult-onset disease including rigorously defined 
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autonomic failure and poorly levodopa-responsive parkinsonism or cerebellar ataxia. 
The definite MSA requires histologic confirmation of MSA. 
4.2.2 Motor Manifestation Scales 
 All participants diagnosed with neurodegenerative disease i.e. PD, HD, PSP, or 
MSA were rated according to the corresponding rating scale.  
 The Unified Parkinson’s Disease Rating Scale III (UPDRS; Hughes et al., 1992) 
and Hoehn & Yahr scale (H&Y; Hoehn and Yahr, 1967) were used for the assessment 
of PD motor manifestations. The UPDRS III scale contains 27 items, each scored from 
0 (no disability) to 4 (severe disability). We estimated several UPDRS composite 
subscores including rigidity (sum of UPDRS III item 22), bradykinesia (sum of UPDRS 
III items 23, 24, and 25), resting tremor (sum of UPDRS III item 22), and axial score 
(sum of UPDRS III items 18, 19, 27, 28, 29, and 30). Furthermore, UPDRS III item 18 
was used to estimate speech motor deficits in PD. The UPDRS III item 18 is concerned 
with the assessment of speech, and is ranked from 0 to 4, where 0 represents normal 
speech; 1 slight loss of expression, diction and volume; 2 monotone slurred but 
understandable speech, moderately impaired; 3 marked speech impairment, difficult to 
understand; and 4 unintelligible speech. Hoehn & Yahr scale contains five grades of PD 
severity and is commonly used for the description of PD progression. The scale 
comprehends severity from a mild unilateral motor disorder as the first grade, to 
confinement to bed or wheelchair as the fifth grade. 
 The Huntington’s disease was rated according to the Unified Huntington’s 
Disease Rating Scale (UHDRS; Huntington-Study-Group, 1996). The UHDRS scale 
contains 31 items, each scored from 0 (no disability) to 4 (severe disability). Using 
compound groups of UHDRS items, we estimated rigidity, bradykinesia, dystonia, and 
chorea. 
 The motor manifestations described by the UHDRS and the UPDRS are defined 
as follows: 
 Rigidity represents elevated muscle tone experienced as muscle tension or spasm 
by the patient and as increased resistance to passive movement across joints by 
the examiner. 
 Bradykinesia describes slowed movements and reaction times and may include 
difficulties with fine motor control. 
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 Resting tremor involves a unilateral shaking movement with a frequency 
between 4–6 Hz, mainly affecting the hands, legs, lips, chin, and jaw and 
subsiding with muscle action and during sleep. 
 Axial score represents speech intelligibility, extent of facial expressions and 
reflects the ability to rise from a chair, problems with postural stability related to 
the loss of reflexes and problems during walking including sudden and transient 
inability to move.  
 Dystonia is involuntary sustained muscle contraction that causes twisting and 
repetitive movements or abnormal postures. 
 Chorea is a state of excessive, spontaneous movements, irregularly timed, non-
repetitive, randomly distributed and abrupt in character. 
 The MSA and PSP patient were rated using The Natural History and 
Neuroprotection in Parkinson Plus Syndromes (NNIPPS; Payan et al., 2011). The 
NNIPPS comprises 85 items scored mostly (65) from 0 to 5 and with the maximal range 
from 0 to 6, where 0 means “normal” and 6 is “very severe”. Similarly to PD 
participants the MSA and PSP patients were rated according to the UPDRS III item 18 
describing speech. 
4.2.3 Recording 
 All recordings took place in a quiet room with a low ambient noise level using a 
head-mounted condenser microphone (Beyer-dynamic Opus 55-, Heilbronn, Germany) 
positioned approximately 5 cm from each subject’s mouth. The utterances were sampled 
at 48 kHz with 16 bit quantization. All the voice signals were obtained during single 
session conducted by a speech specialist, who asked participants to perform several 
speech tasks including sustained phonation of vowel /i/, speech /pa/-/ta/-/ka/ DDK_task 
and freely spoken monologue. During the DDK_task participants were instructed to 
take a deep breath and intelligibly repeat /pa/-/ta/-/ka/ syllable sequence as fast and as 
steady as possible. During the sustained phonation participants were asked to take a 
deep breath and perform sustained phonation of vowel /i/ at a comfortable loudness and 
pitch, as constant and long as possible. The inclusion criteria imposed in study IV were 
determined as the participant’s ability to sustain prolonged phonation for at least three 
seconds. The DDK task, sustained phonation were performed twice. The freely spoken 
monologue was on a given topic including family, work or interests, and lasted at least 
Chapter 4: Methods 
Michal Novotný - January 2016   35 
two minutes. All three tasks were part of a comprehensive dysarthria test battery. No 
time limits were imposed during recording.  
4.3 Rapid Articulatory Moves 
4.3.1 Subjects 
 Data were collected as part of an original studies (Rusz et al., 2011a, Rusz et al., 
2014b) and (Rusz et al., 2015) and comprises six different groups including two PD 
groups, one matched to HC group (PDU) and one used for the comparison with APS 
(PDSDD), one HD group, one healthy control group, one PSP group and one MSA group.  
 The PDU group consisted of 24 participants (20 men, 4 women), all of whom 
fulfilled the diagnostic criteria for PD. All PD speakers were examined immediately 
after the diagnosis was made and before symptomatic treatment was initiated. The mean 
age of PD participants was 60.9 ± standard deviation (SD) 12.6 years, mean disease 
duration 31.3 ± SD 22.3 months, disease stage 2.2 ± SD 0.5 according to the Hoehn & 
Yahr scale, mean motor score 17.4 ± SD 7.1 according to the Unified Parkinson’s 
Disease Rating Scale III. In agreement with perceptual evaluations based on UPDRS III 
item 18, 13 patients obtained a score of 0 and 11 patients a score of 1, suggesting no-to-
mild speech impairment. None of the PD patients reported previous speech disorders 
unrelated to the present illness.  
 The healthy control group was comprised of 22 volunteers (15 men, 7 women; 
mean age 58.7 ± SD 4.6 years) with no history of neurological disease. No differences 
in age between the PD and HC groups were observed (two-sample t-test; t(44) = -0.89, 
p = 0.38).  
 The hyperkinetic dysarthria was represented by 77 utterances from 40 speakers 
(20 men and 20 women) diagnosed with HD. The mean age of the HD group was 48.6 ± 
SD 13.4 years. All the participants were assessed by specialist using UHDRS; the HD 
group received UHDRS motor score of 26.9 ± SD 11.6. 
 The age of PDSDD participants (9 men 6 women) was 61.1 ± SD 6.5 years with 
the symptom duration 4.6 ± SD 1.5 years. The H&Y score for the PDSDD group was 
2.0± SD 0.4, the UPDRS III score was 15.9 ± SD 7.4 and the UPDRS III item 18 was 
0.6 ± SD 0.5.  Contrary to the PDU group, the PDSDD participants were on stable 
symptomatic treatment and they were recorded during the ON state. 
 The PSP participants (10 men 2 women) comprised 9 participants diagnosed 
with PSP-RS, 2 participants were diagnosed with PSP-P and one with PSP-PAGF. The 
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age of PSP group was 65.8 ± SD 5.4 years with the symptom duration 3.8 ± SD 1.4 
years. The H&Y score 3.3 ± SD 0.8 and the NNIPS score of PSP group was 
66.3 ± SD 28.7 and the UPDRS III item 18 was 2.0 ± SD 1.0. 
 The MSA group (6 men and 7 women) included 10 participants diagnosed with 
MSA-P and 3 participants diagnosed with MSA-C. The age of MSA group was 60.8 ± 
SD 4.9 years with symptom duration 3.68 ± SD 1.3 years. The H&Y score 3.6 ± SD 0.7 
and the NNIPS score of MSA group was 78.5 ± SD 19.9 and the UPDRS III item 18 
was 2.0 ± SD 0.7.  
No participant had history of speech therapy. All the patient characteristics are 
summarized in Table 4.1 
 
Table 4.1: Clinical characteristics of participants 
 HC PDU HD PDSDD PSP MSA 
 mean/SD mean/SD mean/SD mean/SD mean/SD mean/SD 
Age 58.7/4.6 60.9/12.6 48.6/13.4 61.1/6.5 60.8/6.5 65.8/5.4 
Symptoms duration  2.6/1.9 6.1/3.4 4.6/1.5 3.6/1.3 3.8/1.4 
CAG triplets   44.9/3.6    
L-dopa equivalent  0.0/0.0  615/317 899/394 800/373 
Amantadine  0.0/0.0   300/89 200/107 
NNIPPS     78.5/19.9 66.3/28.7 
UPDRS III  17.4/7.1  15.9/7.4   
UPDRS III speech item 18  0.5/0.5  0.6/0.5 2.0/0.7 2.0/0.1 
H&Y  2.2/0.5  2.0/0.4 3.6/0.7 3.3/0.8 
UHDRS   26.9/11.6    
UHDRS speech item   0.8/0.5    
4.3.2 Reference Labels 
 The manually obtained reference labels of /pa/, /ta/ and /ka/ syllables were used 
for the purposes of performance estimation of the Study I and Study II which concerns 
rapid articulatory moves. As can be seen in Figure 4.1, each /pa/, /ta/, or /ka/ syllable 
consists of an initial burst, vowel onset, and occlusion. These three basic events 
generally describe the timing of articulation, and their positions must be detected in 
each syllable to analyze articulation deficits. Thus, reference labels must first be 
established, and this procedure requires the manual segmentation of each utterance. 
However, segmentation may be challenging even for manual labeling and therefore, the 
criteria according to which labeling was performed must be stated. Fischer and 
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Goberman (2010) summarize three basic rules based on previous (Wang et al., 2004, 
Volaitis and Miller, 1992, Allen et al., 2003, Duez, 2007) which were used as a 
foundation for our labeling criteria (see Table 4.2). 
 
 
 
Figure 4.1: Examples of syllable and its wideband spectrogram for Parkinsonian (A), 
(B) and healthy (C), (D) speakers, with marked positions of the initial burst, vowel 
onset and occlusion. The gray background shows the front part of the syllable and the 
white background refers to the rear part of the syllable. 
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Table 4.2: Labelling Criteria based on (Fischer and Goberman, 2010) 
4.3.3 Graphical User Interface 
 For the purposes of manual labeling and the visual control of automatically 
detected labels, a basic graphic user interface (GUI) was developed. The GUI consists 
of a command window used for assignment of the directory containing files and a 
simple GUI screen which includes a list of utterances, the graph illustrating the entire 
utterance and the graph describing 0.3s of utterance as a detail and the control panel, 
Figure 4.2. Correction and obtaining is performed by dragging the lines in the screen or 
using mouse double clicks to delete an old or create a new label position. To be able to 
navigate easily through single utterances, the three buttons are implemented as: “load 
previous”, “load next” and ”load”, where the load is used to load the signal highlighted 
in the signal list. The fourth button is used to save new position labels. For the needs of 
automatic detection correction, the displaying of detected positions is enabled through 
the check box option, which enables the loading of the mat-file containing detected 
positions. 
Position Description Frequency domain Time domanin 
Initial Burst 
 Abrupt onset of noise energy 
caused by turbulent 
airflow during stop release. 
Good contrast in time 
and moderate energy contrast. 
Moderate excitation of one 
or a few time windows 
of the spectrogram over the 
entire frequency range. 
Used for specification of 
burst onset. In the case 
of multiple bursts the initial 
burst is marked (Wang et al., 
2004). 
Vowel Onset 
 Abrupt onset of periodic 
signal with highest 
acoustic energy caused by 
vocal fold vibration. 
Good contrast in time and 
best energy contrast. 
Onset of fundamental (F0) 
and first formant 
frequencies 
(F1, F2, F3) (Volaitis and 
Miller, 1992, Allen et al., 
2003). Energy is 
concentrated 
to these frequencies. 
Position with highest 
contrast. If the abrupt onset 
of energy is not clearly 
apparent, the F0, F1, and 
F2 onset is sought. 
Occlusion 
 Slow voice weakening, and 
therefore slow weakening 
of F0, F1, F2, and F3. Fuzzy 
due to weak 
time and energy contrast. 
Energy of F0, F1, F2, and 
F3 slowly weakens. The 
F2-vowel offset is 
considered the best 
indicator of 
occlusion onset (Duez, 
2007). 
Used especially to boost the 
robustness of labeling. 
Needed especially due to 
slow energy 
weakening. 
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Figure 4.2: The graphic user interface divided into five functional areas: A) section 
illustrating the entire utterance, with marked positions of initial burst (green lines), 
vowel onset (blue lines) and occlusion (red lines), and the magenta window marking the 
position of the detail window B) the detail window depicting 0.3 seconds of the signal. 
Similarly as in A), the single event positions are marked by lines with different color. C) 
Panel of control buttons enabling loading of antecedent or consecutive signals or load 
signal chosen in the signal list shown in D). The fourth button is used to save reference 
or corrected labels. The check box in E) is used to distinguish between obtaining of 
reference labels and correction of automatically detected. 
4.3.4 Algorithm of Automatic Segmentation 
 The manual labelling is a time consuming process, and may be biased by 
subjective evaluation. To lower time demands and provide objective results, the 
deterministic detector of stop release, vowel onset, and occlusion was designed. The 
algorithm is presented in several subsections describing pre-processing, a rough 
segmentation, a detection of initial burst, a detection of vowel onset, and a detection of 
occlusion.  
4.3.4.1 Pre-processing  
 The pre-processing step comprises re-sampling of the signal to 20 kHz which 
lowers the computational complexity and maintains useful speech information (Titze, 
1994). The pre-processing step also includes DC offset removal and normalization of 
the signal to the interval [-1, 1].  
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4.3.4.2 Rough segmentation 
 The first problem of automatic processing is the unknown number of syllables. 
This problem is solved by rough segmentation which splits utterance to single syllables 
(see Figure 4.3). These syllables are than processed separately. To split the signal into 
single syllables, the approximate position of each syllabic nucleus has to be estimated. 
We may assume that in the DDK task, each syllable consists of one low-energy 
consonant and one high-energy vowel. Therefore, positions of syllabic nuclei may be 
identified by high-energy vowel peaks. However, the presence of a higher noise 
component in PD utterances may bias the nuclei search, and therefore filtering must be 
performed. Filtering was accomplished by a low-pass FIR filter with a linear phase and 
order of 500 with a 300 Hz cut-off frequency. The filtered signal is squared and 
smoothed by the moving average filter of order 800 and local energy maxima are 
detected. We noted that when one syllable has considerably lower energy than its 
neighboring syllables, detection based on 300 Hz filtering tends to omit the syllable. 
Hence, the same detection based on a low-pass filter with a 1000 Hz cut-off frequency 
was used. The detector based only on 1000 Hz filtering was more vulnerable to the 
higher noise component included in PD utterances, and therefore it was used only as a 
complement to more robust, 300 Hz filter-based detector. The maximal distance 
between two consecutive nuclei was estimated and enlarged 1.1 times, providing the 
length of a single syllable segment. This length was distributed before and behind the 
energy peaks, providing the approximate borders for each syllable. 
 
Figure 4.3: Detail of an utterance divided by rough segmentation into single syllabic 
segments. 
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 To avoid false detections due to the high sensitivity of the detector, the 
elimination of false positions must be implemented as the second step of rough 
segmentation. The elimination was based on the comparison of high and low energy 
centroid positions obtained from the filtered spectrogram around the vowel onset. Due 
to higher computational complexity, the spectrogram was also utilized during the 
detection of the initial burst, which was also spectrogram-based. 
 The spectrogram window length was defined as the length of the processed 
signal divided by 120, and the overlap was equal to one half of a window. To increase 
efficiency, the unnecessary rear part was omitted and the spectrogram was computed 
only from the front part of the syllable (gray part of the syllable highlighted in Figure 
4.3). 
Spectrogram processing consisted of the elimination of negligible values and 
computation of energy envelopes. To determine which value was negligible, the 
spectrogram was treated as a matrix P

 with m rows for frequency bins and n columns 
for time bins. The threshold matrix T

was an n by m matrix, where the i-th row was 
computed from the i-th frequency bin of the spectrogram according to equation (1). 
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This equation sets each row of the threshold matrix as the weighted mean value of 
energy contained in the equivalent frequency row of matrix. Filtering was then 
performed as shown in equation (2). 
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where filtered
P
 denotes element contained in the i–th frequency bin and the j-th time bin 
of the filtered matrix. An example of a filtered spectrogram can be seen in Figure 4.4. 
 The next processing step was the computation of two energy envelopes. The first 
was calculated by summing the values in each column (Figure 4.4 (C)), while the 
second was determined by summing values only in the upper half of each column 
(Figure 4.4 (D)). The first envelope considers the high energy of vowels contained 
mostly in low frequencies; the second emphasizes high frequencies generated during the 
initial burst. Centroids were computed from these envelopes and their absolute and 
mutual positions were used for the elimination of false detections. The centroid 
positions are marked as black arrows in Figure 4.4 (C) and Figure 4.4 (D). The energy 
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envelope comprising the entire frequency bandwidth provides facilities for rough vowel 
onset estimation. The position of vowel onset was set as the first peak of the voicing 
periodic sequence. This approach was based on the assumption that, during the voicing, 
the vocal tract is excited by quasi-periodically repeating glottal pulses (Harris and 
Nelson, 1993). In processing the front part of the syllable (see Figure 4.3), peaks may be 
traced from the end of the envelope (see Figure 4.4 (C)). However, this estimation 
sometimes marks the accentuated initial burst instead of vowel onset, and therefore, it is 
sufficient only for the correction of syllable position. 
 
Figure 4.4: Signal in the time domain (A), signal spectrogram (B), filtered 
spectrograms with marked energy envelopes and arrows pointing to spectral centroid 
positions in the entire frequency range (C), and the upper half of the frequency 
range (D). 
4.3.4.3 Detection of the Initial Burst  
 After the elimination of false detections and correction of the segment borders, 
the noise burst connected with the initial stop release was sought. For the purposes of 
burst detection, the previously computed spectrogram was processed according to a 
modification of eq. (2) (see eq. (3)), 
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where the T

matrix is given by eq. (1). The result of this filtering can be seen in Figure 
4.4.  
The envelope, given by summing all values in each time window of the matrix 
releasestopP _ , emphasizes information about frequency bandwidth at the expense of 
information about energy distribution. This method emphasizes the noise burst, which 
has lower energy uniformly distributed through the entire spectrum. Furthermore, due to 
abrupt onset, the difference of the envelope highlights and specifies the stop release 
position as shown in Figure 4.5.  
 
 
Figure 4.5: Front part of a syllable in the time domain (A), filtered spectrogram with 
the gray color denoting 1 and the white color denoting 0 and its marked energy 
envelope (B), and the normalized difference of the energy envelope used for the final 
initial burst detection (C). 
 
4.3.4.4 Detection of Vowel Onset 
 The quasi-periodic character of a vowel with an abrupt onset of energy was 
detected using the Bayesian Step Changepoint Detector (BSCD) (Ruanaidh and 
Fitzgerald, 1996, Cmejla et al., 2013). In general, the BSCD assumes that (i) the signal 
is composed of two different constant values (e.g., 0.05 and 0.3 marked as lines in 
Figure 4.6 (B)), and (ii) that it is possible to calculate the posteriori probability of 
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changes in the signal through Bayesian marginalization. Whereas the approach with the 
releasestopP _  matrix emphasizes the abrupt noise burst, the assumption of signal being 
composed of two different constant steps emphasizes a boundary between two different 
signals. The input of the detector represents the first part of the syllable from the initial 
burst to the end of the front part of the signal (see Figure 4.4); this can be seen in Figure 
4.6 (A), where the reference position of the vowel onset is highlighted. Subsequently, 
due to the differing character of consonants and vowels, we may assume that the 
position of vowel onset is located in one of several local maxima of the BSCD output. 
This output is depicted in Figure 4.6(C), where the detected position is marked. To 
detect the local maximum corresponding to vowel onset, we may assume that the entire 
consonant is longer than the distance between single glottal pulses. This presumption 
allows delineation of the local maximum, following the largest gap between two 
consecutive maxima, as the position of vowel onset.  
 
Figure 4.6: Original signal with marked reference position (A), input of the BSCD 
detector represented by the squared original signal and marked BSCD steps (B), and 
output of the BSCD detector with marked positions of the detected vowel onset 
position (C). 
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4.3.4.5 Detection of Occlusion  
 The position of occlusion is the most difficult to detect due to its slow 
subsidence and fuzzy borders. Due to decreased voice quality of PD speakers, a low-
pass FIR filter with an order of one quarter of the signal length including the 1.5 kHz 
cut-off frequency was used. Contrary to the noise component, the F0, F1 and F2 provide 
a major contribution to signal energy in this frequency band. Signal energy was 
estimated from the filtered rear-part of the signal (see Figure 4.7 (A)) as the squared 
signal (see Figure 4.7 (B)). Subsequently, the flexible threshold was adjusted for 
occlusion detection. The threshold was given as an inverted polynomial energy 
approximation, and therefore the threshold was lowered with an increase in energy and 
vice versa, as illustrated by Figure 4.7(B). The definition of the threshold may be 
written as 



k
j
k
ko ExcT
0
,2          (4) 
where ck denotes the k-th coefficient, E gives the mean value of energy, and k is the 
order of polynomial approximation. The order was experimentally set at nine, providing 
a good compromise between threshold elasticity and boundary fuzziness. The exact 
occlusion position was then marked as the place of the last intersection of energy and 
the threshold, which is no further than 20 ms from the preceding intersection. The 20 ms 
rule eliminates false detections connected with abrupt noises in distant parts of the 
signal. 
 
Figure 4.7: Rear part of a syllable with marked reference occlusion position (A), and 
energy of the filtered signal with polynomial threshold and marked occlusion 
position (B). 
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4.3.4.6 Algorithm enhancement 
 Even though the previously described algorithm showed sufficient robustness in 
hypokinetic utterances it is prone to high variability rate caused by forced inspirations 
and expiration present in HD utterances. Therefore to address this aspect of hyperkinetic 
speech an algorithm based on analysis of the linear prediction (LP) residual was used 
(Prasanna et al., 2009). This approach uses LP residual for the detection of voiced parts 
of the utterance. The LP residual was estimated from the signal which was down 
sampled to 8 kHz and filtered by 500 Hz fir filter with order of 100. Subsequently, the 
Hilbert envelope of LP residual was estimated and smoothened by moving average filter 
with order of 500 (Prasanna et al., 2009). 
 Positions of peaks in the smoothened envelope were set as the positions of the 
vowel nuclei. To detect these peaks, an envelope slope was computed using first-order 
difference and every positive to negative zero crossing was marked as the vowel nuclei. 
To eliminate false detections caused by low signal-to-noise ratio or by intensity 
fluctuations along single vowels, the minimal distance between two vowel nuclei was 
set as 10ms.  When two peaks were found to be within 10ms distance a higher peak was 
selected as vowel nuclei see (Figure 4.8). 
 To detect the borders of syllables, the local minima of smoothened Hilbert 
envelope were detected. Subsequently, the each syllabic nucleus was associated with the 
nearest local minimum.  According to the relative position of local minima to the 
nucleus, it was decided whether it is position of the syllable beginning or syllable end. 
Then the second border was chosen according to this decision. 
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Figure 4.8: Detection of single syllable nuclei based on (Mahadeva Prasanna et al., 
2009). Section (a) shows utterance in the time domain. Section (b) represents LP 
analysis residua and section (c) smoothened Hilbert envelope and section (d) illustrates 
slope of this envelope. With final positions of signal nuclei (x) and syllable borders (o) 
marked in Hilbert envelope (c) and its slope (d). 
Signal within these borders was resampled to 20 kHz and analyzed to determine 
the positions of the initial burst and the vowel onset values for each syllable. Detection 
of initial burst was based on the approach described in the section 4.3.4.3 and the vowel 
onset detection was depicted in the section 4.3.4.4.  
4.3.5 Articulatory Features 
 To evaluate the impact of PD related hypokinetic dysarthria on speaker 
performance, we propose 13 features representing six aspects of speech. The features 
describing Voice Quality, Coordination of Laryngeal and Supralaryngeal Activity, 
Precision of Consonant Articulation, Tongue Movement, Occlusive Weakening, and 
Speech Timing are listed in Table 2.1. Furthermore to provide quantitative acoustic 
vocal assessment of articulatory deficits related with, spastic or ataxic dysarthria (Duffy, 
2013, Darley et al., 1969), which correspond to previous descriptions of speech and 
neuropathological findings in patients with PSP and MSA (Kluin et al., 1993, Kluin et 
al., 1996). We have also encompassed vowel length to extend speech timing dimension. 
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  Due to the differing spectral characteristics of /p/, /t/, and /k/ consonants and 
their following vowels, features describing the precision of consonant articulation and 
tongue movement were performed on different types of syllables (bilabial /pa/, alveolar 
/ta/, and velar /ka/), separately. Moreover, the measurements connected with the 
coordination of laryngeal and supralaryngeal activity were performed for separate and 
mixed syllables. Therefore, the final number of measurements performed was 28. All of 
the measurements ranked each utterance with an average feature value computed from 
the first 5 syllabic trains (15 syllables overall). This approach helps to separate the 
involvement a of single speech feature from the impact of varying speech length. 
4.3.5.1 Voice Quality  
 One of the muscle groups affected by PD is the group of laryngeal muscles. 
Distortion of this muscle group may lead to decreased vocal fold adduction and 
decreased ability to keep laryngeal muscles in a fixed position, which may result in 
increased jitter, shimmer, noise, distortion of F0 in general, and voice tremor 
(Goberman and Blomgren, 2008, Lindblom and Sundberg, 1971). To obtain general 
information about voice quality, two vowel similarity quotients and one vowel 
variability quotient were utilized. The vowel similarity quotient of the entire voicing 
(VSQ) and the vowel similarity quotient of the first 30 ms of voicing (VSQ30) are 
defined as the first autocorrelation coefficients, and estimate the ability to produce a 
steady vocal tone. The motivation behind a 30 ms window in VSQ30 was based on a 
previous study on vowel articulation in PD (Sapir et al., 2010); in the present study, the 
30 ms window represented the midpoint of the vowel that should manifest the greatest 
periodicity through the entire vowel duration. The vowel variability quotient (VVQ) is 
given as the standard deviation of vowel duration, which reflects the stability of the 
timing of vocal fold abduction and adduction. 
4.3.5.2 Coordination of Laryngeal and Supralaryngeal Activity 
 The PD-induced disruption of movement patterns may lead to disturbances in 
muscle group coordination. To evaluate the impact of PD on the coordination of 
laryngeal and supralaryngeal muscle groups, the VOT and the VOT ratio were used. 
The VOT parameter, defined as the duration between stop release and the onset of 
voicing (Hansen et al., 2010), was motivated by the assumption that acoustic events, 
including the initial burst and vowel onset, are associated with articulatory gestures (i.e., 
the release of consonant constriction, the onset of vocal fold vibration; Hansen et al., 
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2010). In addition, the VOT ratio, defined as VOT divided by the length of entire 
syllable, was estimated as the parameter suppressing the effect of speech rate (Fischer 
and Goberman, 2010). 
4.3.5.3 Precision of Consonant Articulation 
Effort to achieve a normal repetition rate may lead to reduced articulatory displacement. 
This reduced movement may manifest as airflow leaking around insufficiently closed 
articulators as well as decreased energy during the initial burst. To assess the impact of 
imprecise articulator setup, spectral characteristics describing a consonant spectral trend 
(CST) and a consonant spectral moment (CSM) were employed. The consonant spectral 
trend is computed as the slope of the line obtained using Fourier spectrum regression in 
a certain frequency interval. To emphasize the different spectral characteristics of /p/, 
/t/, and /k/ consonants, three different frequency bands were selected as: /p/ [2500, 
3500] Hz; /t/ [2000, 3000] Hz; /k/ [1500, 2500] Hz (Hansen et al., 2010). The CSM 
represents the first spectral moment describing a centroid of energy contained in the 
entire Fourier spectrum of the consonant. 
4.3.5.4 Tongue Movement  
 As one of the major articulators, the tongue has a crucial influence on the shape 
of the oral cavity and formant frequencies, and therefore, change of formant frequency 
behavior may reveal PD-induced disruption of tongue movement. In general, the 
acoustic-articulatory relationship can be easily understood, as the F1 frequency varies 
inversely with tongue height and the F2 frequency varies directly with tongue 
advancement (Kent et al., 2000b, Lindblom and Sundberg, 1971, Sapir et al., 2010). To 
assess tongue movement during vocalization, the first formant trend (1FT) and the 
second formant trend (2FT) were computed as the angle of the linear regression line of 
F1 or F2 tracked in the vowel. 
4.3.5.5 Occlusion Weakening  
 Reduced articulatory movements may also be present during the silent gap 
between two syllables. Reduced movements may lead to the leakage of turbulent 
airflow, which results in increased noise during the silent gap (Duez, 2007). To describe 
the noise contained in the silent gap, the signal-to-noise ratio (SNR) defined a according 
to equation (5)  
N
S
P
P
SNR 10log10          (5)  
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where SP  represents power contained in voicing and NP  represents power obtained in 
the signal during the silent gap. 
4.3.5.6 Speech Timing  
Disrupted movement patterns do not only influence two particular muscle groups 
separately (e.g., coordination of laryngeal and supralaryngeal activity), but may also 
affect all aspects of speech timing. Therefore, five parameters were proposed to evaluate 
the impact of PD on speech timing. The first designed parameter investigates the overall 
DDK speech rate (DDK rate). The DDK rate is defined as the number of syllables per 
second and is computed as the number of initial bursts across the entire utterance. The 
second parameter estimates the ratio of silent gaps during the DDK task (DDK pace), 
and it is defined as the average value of silent gaps obtained in each utterance. The 
DDK pace, in connection with the DDK rate, provides information about the speech-
silence duration ratio. The third parameter reflects the subject’s ability to maintain a 
steady rhythm during the DDK speech task (DDK fluctuation), and is computed as the 
standard deviation of the duration of silent gaps in an utterance. The fourth the vowel 
duration defines ratio of voiced segment length related towards the length of entire 
syllable. And the fifth parameter describes steadiness of speech rhythm defined as 
standard deviation of distances between single syllables. 
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Table 4.3: Definitions of Articulatory Features 
 
  
Name Defined in interval  Definition 
Voice Quality 
VSQ vowel onset to occlusion Vowel similarity quotient, the autocorrelation of 
the entire vowel duration, representing the rate of 
regularity of the vowel 
VSQ30 first 30 ms after vowel 
onset 
VSQ of the first 30 ms of the vowel, representing 
the rate of the regularity of the vowel beginning 
VVQ vowel onset to occlusion Vowel variability quotient, the level of variability 
in vowel length 
Coordination of Laryngeal and Supralayngeal Activity 
VOT initial burst to vowel 
onset 
Voice onset time defining the length of the entire 
consonant 
VOT ratio initial burst to vowel 
onset 
The voice onset time ratio defining the length of 
the entire consonant relative to syllable length 
Precision of Consonant Articulation 
CST initial burst to vowel 
onset 
Consonant spectral trend, the regression of 
consonant spectrum computed in defined 
intervals 
CSM initial burst to vowel 
onset 
Consonant spectral moment, the first spectral 
moment of the consonant 
Tongue Movement 
1FT vowel onset to occlusion First formant trend, regression of the first formant 
frequency 
2FT vowel onset to occlusion Second formant trend, regression of the second 
formant frequency 
Occlusion Weakening 
SNR vowel onset to occlusion 
(harmonic signal) as 
compared to occlusion to 
subsequent initial burst 
(noise signal) 
Signal-to-noise ratio, representing the amplitude 
of total noise component 
Speech Timing 
DDK Rate entire utterance Diadochokinetic rate, the number of syllables per 
second 
DDK pace occlusion to subsequent 
initial burst 
Diadochokinetic pace, the mean length of silent 
gaps between syllables 
DDK fluctuation occlusion to subsequent 
initial burst 
Diadochokinetic instability, the level of 
instability in silent gaps between syllables 
Vowel duration Vowel onset to occlusion The ratio of vowel length to length of entire 
syllable 
DDK regularity entire utterance Variability in rhythm of speech production 
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4.3.6 Statistics 
 Statistical analyses were performed in three separate parts: algorithm 
performance evaluation for automatic segmentation of an utterance, the evaluation of 
group differences across articulatory features estimated from segmented utterances, 
evaluation of the classification experiment based on previously computed articulatory 
features. Although these three parts are interconnected, the evaluation of each was 
performed separately, i.e., single syllables were used in the evaluation of algorithm 
performance, average performances of each participant for group difference estimation, 
and single utterances for the classification task (two per subject). 
4.3.6.1 Algorithm Performance 
 Algorithm performance is illustrated by the cumulative distributions of absolute 
differences between reference-manual labels and automatically detected positions. For 
each syllable’s event (i.e., initial burst, vowel onset, occlusion), three cumulative 
distributions were computed. The first was based on all 1644 tokens (across both PDU 
and HC groups). Two other distributions were based on PDU or HC tokens separately 
(753 tokens for PDU and 891 for HC). Furthermore, to compare the performance of our 
algorithm with previous results, a method based on the teager energy operator (TEO) 
published by Hansen et al. was implemented (Hansen et al., 2010). This approach uses 
the amplitude modulation component (AMC), which is derived from the TEO, to detect 
the initial burst and vowel onset in single words. The TEO-based algorithm is not 
designed for the detection of occlusion. The AMC was applied on the filtered signal, 
whereas the parameters of the filter were set according to the event (i.e., initial burst or 
voice onset), and also according to the type of consonant (i.e., /p/, /t/, /k/) when 
considering burst. The TEO-based algorithm was used to detect the initial burst and 
voice onset in our data and the cumulative distributions of absolute differences for all 
PDU and HC syllables. 
 To compare the performance of the original and the extended algorithm, the 
cumulative distributions were computed using 4211 tokens including 753 tokens from 
the PDU group and 3458 tokens from the HD group. Additionally, the 10 ms threshold 
was chosen as the representative threshold value with respect to previous section and 
study (Stouten and Van Hamme, 2009). The cumulative distributions were computed 
using all syllables contained in the PDU or HD groups and falsely detected or missed 
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syllables were always set as erroneous. Cumulative distributions were estimated 
separately for PDU and HD participants.  
4.3.6.2 Group Differences and Relationships between Metrics 
 For assessment of group differences, the average feature values were calculated 
for each participant prior to analyses. As the one-sample Kolmogorov-Smirnov test 
(D = 0.08 to 0.20, p > 0.05) showed that articulatory features were normally distributed, 
the two-sample t-test was used to assess group differences between PDU and HC groups 
and HD and HC groups. The group differences between PDSDD, PSP and MSA groups 
were computed using the Kruskal-Wallis test. Cohen’s effect size (ES) was additionally 
calculated to assess the strength of differences for PDU vs. HC, HD vs. HC, PDSDD vs. 
PSP, PDSDD vs. MSA and MSA vs. PSP groups, with Cohen’s d, with d > 0.5 indicating 
a medium effect and d > 0.8 indicating a large effect.. Finally, the Pearson correlation 
coefficient was used to evaluate the correlation between results obtained by automatic 
detection and reference values, as well as the extent to which single measurements were 
correlated. 
4.3.6.3 Classification Experiment 
 The experiment based on the support vector machine (SVM) classifier was 
performed using all PDU and HC utterances (two per subject) in order to obtain more 
robust classifier estimates, i.e., the utterances provided by the same participant were not 
averaged as in the evaluation of group differences. The aim of the experiment was to 
separate two classes of PDU and HC participants, based on automatically extracted 
articulatory features, which were pre-selected using Pearson’s correlation and distance 
correlation. Being linearly inseparable, the features had to be mapped to the space with 
higher dimensionality, where the linear separability was achieved. For this purpose a 
Gaussian radial basis function (RBF) kernel was used. The RBF is defined as 
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where z and z are vectors of input features, yn are labels of data used for training and 
n are Lagrange multipliers based on Lagrange formulation of the optimization task. To 
prevent overfitting the penalty coefficient C was used to constrain the maximal value of 
Lagrange multipliers. 
 The determination of the optimal parameter C and was performed using a grid 
search over the sets ]2,,2,2[ 151315 C and ]2,,2,2[ 31315   (Tsanas et al., 
2012). Once the optimal parameters C and were found the classifier was trained and 
tested using these values. 
 To validate the generalization, empirical findings of previous studies suggest 
cross-validation or bootstrap methods as the most reliable (Tsanas et al., 2012, Hastie et 
al., 2009). For the purposes of the generalization estimation the standard cross-
validation splitting entire dataset (80 utterances) to the training set containing only 60% 
of the data (48 utterances) and the testing set containing 40% of all recordings (32 
utterances) was employed. For the purposes of the cross-validation a total number of 20 
repetitions were performed, with random permutation of the data prior to splitting into 
training and test subsets. Furthermore, leave-one-subject- out (LOSO) cross-validation, 
excluding all utterances of the subject used for testing, was utilized and run throughout 
the entire data. 
 The testing error was estimated during each iteration of both cross-validations 
(Hsu et al., 2010). Subsequently, the errors were averaged over all repetitions and the 
overall performance was determined as the average percentage of correctly classified 
utterances. Furthermore, the true positive (number of correctly classified PD 
participants) and true negative (number of correctly classified HC participants) 
classification performances were assessed. 
4.4 Velopharyngeal Control 
4.4.1 Subjects 
 A total of 136 Czech native speakers, including 37 HD patients, 37 PD patients, 
12 PSP patients, 13 MSA patients and and 37 healthy participants were recorded.  
 The HD group consisted of 19 men and 18 women with genetically confirmed 
HD with mean age 49.1 ± SD 12.7 years, mean disease duration 6.1 ± SD 3.4 years, 
mean number of CAG triplets 44.7 ± SD 3.3. Most of the patients (32/37) were treated 
with monotherapy or a combination of benzodiazepines, antipsychotics, amantadine and 
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antidepressants. All HD patients underwent extensive examination by an experienced 
neurologist and were rated according to the Unified Huntington's Disease Rating Scale. 
In addition, several UHDRS subscores including rigidity, bradykinesia, dystonia and 
chorea were assessed separately for subsequent analysis (Walker, 2007, Rusz et al., 
2013c). The UHDRS motor score was 25.7 ± SD 12.2 and the UHDRS speech item was 
0.8 ± SD 0.5.  
 The PD group consisted of 23 men and 14 women, mean age 63.1 ± SD 14.0 
years, mean disease duration 8.0 ± SD 4.8 years. All PD patients fulfilled the diagnostic 
criteria for PD (Hughes et al., 1992). All participants were on stable dopaminergic 
medication for at least 4 weeks before the examinations, which were conducted in the 
on-medication state. All PD patients underwent neurological examinations by an 
experienced neurologist and were rated according to the Hoehn & Yahr staging scale 
and motor Unified Parkinson's Disease Rating Scale. In addition, several UPDRS 
composite subscores including rigidity, bradykinesia, resting tremor and axial score 
were estimated for subsequent analysis (Hughes et al., 1992, Jankovic, 2008). The H&Y 
score was 2.1 ± SD 0.4, UPDRS III score 17.5 ± SD 8.2, and the UPDRS III speech 
item 18 score was 0.8 ± SD 0.6.  
 The PSP participants (10 men 2 women) comprised 9 participants diagnosed 
with PSP-RS, 2 participants were diagnosed with PSP-P and one with PSP-PAGF. The 
age of PSP group was 65.8 ± SD 5.4 years with the symptom duration 3.8 ± SD 1.4 
years. The H&Y score 3.3 ± SD 0.8 and the NNIPS score of PSP group was 
66.3 ± SD 28.7 and the UPDRS III item 18 was 2.0 ± SD 1.0. 
The MSA group (6 men and 7 women) included 10 participants diagnosed with MSA-P 
and 3 participants diagnosed with MSA-C. The age of MSA group was 60.8 ± SD 4.9 
years with symptom duration 3.68 ± SD 1.3 years. The H&Y score 3.6 ± SD 0.7 and the 
NNIPS score of MSA group was 78.5 ± SD 19.9 and the UPDRS III item 18 was 2.0 ± 
SD 0.7.  
 The healthy control group consisted of 23 men and 14 women, mean age of 63.1 
± SD 8.7 years. None of the HC participants had a history of neurological or speech 
disorder.  
 None of the HD, PD, MSA, PSP or HC subjects suffered from chronic 
obstructive pulmonary disease, respiratory tract infection, allergy, asthma, facial paresis, 
or other malady that could negatively influence participant speech performance. All the 
patient characteristics are summarized in Table 4.4 
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. 
Table 4.4: Clinical characteristics of participants 
 HC PD HD PSP MSA 
 mean/SD mean/SD mean/SD mean/SD mean/SD 
Age 63.1/8.7 63.1/14.0 49.1/12.7 60.8/6.5 65.8/5.4 
Symptoms duration  8.0/4.8 6.1/3.4 3.6/1.3 3.8/1.4 
CAG triplets   44.7/3.3   
L-dopa equivalent  0.0/0.0  899/394 800/373 
Amantadine    300/89 200/107 
NNIPPS    78.5/19.9 66.3/28.7 
UPDRS III  17.5/8.2    
UPDRS III speech item 18  0.8/0.6  2.0/0.7 2.0/0.1 
H&Y  2.1/0.4  3.6/0.7 3.3/0.8 
UHDRS   25.7/12.2   
UHDRS speech item   0.8/0.5   
4.4.2 Perceptual Analysis 
 As connected speech is more demanding for velopharyngeal control, it is 
considered the most valid task for perceptual nasality estimation (Kuehn and Moller, 
2000, Peterson-Falzone et al., 2001). The nasality rating was therefore based upon HC, 
PD and HD group monologue perception and performed by 10 raters including one 
speech-language pathologist, three clinicians and six acoustic speech specialists using a 
graded scale (0 = normal nasality, 1 = mild hypernasality, 2 = moderate hypernasality, 
3 = severe hypernasality), based on The Great Ormond Street Speech Assessment ’98 
(GOS.SP.ASS.’98; Sell et al., 1999). The perceptual assessment was performed blindly 
on randomized data consisting of HC, PD and HD participant groups. The presentation 
of samples was self-paced and performed by each rater separately, and each speech 
sample could be repeated at the discretion of the listener. The final score was obtained 
by the median value computed from all perceptual assessments. Intra-rater reliability 
was based upon two perceptual assessments performed with three months delay by one 
rater. 
4.4.3 Acoustic Analysis 
 For the purposes of instrumental analysis, two recording parts equal to 10% of 
signal length were cut off from both the beginning and end of the vowel /i/ to avoid 
distortion by initial vocal fold adjustment and fatigue at the end of the utterance. The 
remaining signal was then resampled to 20 kHz, which lowered the computational 
complexity and preserved all useful information. The preprocessed signal was divided 
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using a hamming 60 ms window with 55 ms overlap. Subsequently, each window was 
analyzed using a 1/3-octave spectra method.  
 The process of 1/3-octave spectra analysis based on the multirate filter bank is 
illustrated in Figure 4.9. The three highest 1/3-octave frequency band filters were 
designed according to this method. For our purposes, the 3rd order IIR butterworth 
filters were used and centered on octave frequencies of 2500 Hz [passband from 
2244.9 Hz to 2828.4 Hz], 3150 Hz [passband from 2828.4 Hz to 3563.6 Hz], and 
4000 Hz [passband from 3563.6 Hz to 4489.8 Hz].  After filtering, the highest 
components were removed from recording and the signal was then down-sampled by a 
factor of 2, i.e., sampling frequency (fs) to fs/2. Being defined in relation to the fs, the 
filter characteristics related to fs/2 yielded one octave lower for each down sampling. 
Based on this approach, the entire filter bank was achieved by the iterative use of signal 
down sampling. In each 1/3-octave frequency band, the root-mean-square (RMS) 
energy was estimated and achieved energy was transformed into decibels. A sum of 
energy contained in the entire 1/3-octave spectra was used as a reference value for the 
transformation into decibels, as described by equation 8. 
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where Efiltered is energy contained in the single band of 1/3-octave and E(i) is the decibel 
value of energy contained in the i-th band.  
 
Figure 4.9:Principle of acoustic analysis based on 1/3-octave spectra assessment. 
Automated assessment of diadochokinesis and resonance in dysarthrias associated with basal ganglia 
dysfunction 
58 Michal Novotný - January 2016 
 Considering the effect of spectral flattening, nasality in sustained phonation of 
the vowel /i/ was evaluated using the EFn parameter, which represented energy in a 1/3-
octave band centered around 1 kHz [passband from 890.9 Hz to 1122.5 Hz]. This 
parameter reflected the addition of nasal resonance and additive nasal pole to the 
transfer function at 1 kHz. The overall level of hypernasality was estimated by the mean 
value of EFn parameter (EFn mean) across all windows in the entire utterance. The 
variability of nasality (EFn SD) in speech was evaluated as the standard deviation of 
each parameter across the entire utterance. Finally, the evolution of hypernasality in the 
course of the utterance (EFn trend) was described using a linear regression tangent for 
each parameter. 
4.4.4 Statistics 
 As the vowel /i/ was recorded twice for all speakers, average values of both 
estimated acoustic parameters were used for all consecutive analysis.  
 The Kolmogorov-Smirnov test for independent samples was used to evaluate 
normality. Analysis of variance (ANOVA) with post-hoc Bonferroni adjustment was 
used for the estimation of group differences between HC, HD and PD groups across 
acoustic variables, the assessment of differences between PD, MSA and PSP groups 
was performed using Kruskal-Wallis with post-hoc Bonferroni adjustment. 
Furthermore, effect sizes for proposed parameters were evaluated using Cohen’s d for 
differences between the HD and HC, PD and HC, PD and MSA, PD and PSP groups as 
well as between the PSP and MSA groups, with d > 0.5 indicating a medium a d > 0.8 
indicating a large effect.  
 Relationships between variables were evaluated using Pearson’s correlation, 
Spearman’s correlation and the intraclass correlation coefficient (ICC). Pearson’s 
correlation was applied to normally distributed data (speech metrics and disease severity 
scores), whereas Spearman’s correlation was used for non-normally distributed data 
(perceptual assessment). The ICC was employed for the evaluation of inter-rater and 
intra-rater reliability of perceptual scores. Due to the explorative nature of the current 
study, adjustment for multiple comparisons with regard to correlations was not 
performed and the level of significance was set to p < 0.05. 
 Assessment of the percentage of affected participants from acoustic data was 
based on the Wald task, which is a non-Bayesian statistical decision-making method 
(Schlesinger and Hlavac, 2002).  This method allows predefined false positives and 
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false negatives by extending two basic classes (i.e., healthy and hypernasal), by an 
indecisive class. Use of the indecisive class enables set boundaries where the possibility 
of a false positive or false negative result reaches an acceptable value. Therefore the 
indecisive class is used in cases where measured data do not provide sufficient 
information for safe classification. As a result, the method provides optimal cut-off 
values indicating if the subject already reached hypernasal speech performance or 
manifest normal nasality of wider norm of healthy speakers. Comprehensive details on 
the Wald task have been published previously (Rusz et al., 2011b). 
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5 RESULTS 
5.1 Rapid articulatory moves 
5.1.1 Algorithm performance 
 Figure 5.1 shows the cumulative distribution representing the absolute 
difference between reference manual labels and automatically detected positions for the 
initial burst, vowel onset and occlusion, where the left column represents the 
performance results of our algorithm and the right column the performance of the TEO-
based algorithm proposed by Hansen et al. (2010). Considering a 5ms threshold of 
absolute difference, performance of our algorithm for all syllables was 79.2% for the 
initial burst, 81.7% for vowel onset and 59.2% for occlusion. The detection 
performance for occlusion increased to 77.3% at a 10ms threshold.  
 Considering a 5ms threshold for initial burst of HC group, our approach 
achieved 85.4% in comparison to TEO-based algorithm with 65.1% accuracy (Hansen 
et al., 2010). In the case of vowel onset, our approach reached 86.7% compared to 
76.2% by the TEO-based algorithm. In PD group, our approach achieved a score of 
71.9% in comparison to 45.2% by the TEO-based algorithm for the initial burst and 5ms 
threshold. Similarly, we reached a performance of 75.8% in comparison to 45.6% by the 
TEO-based algorithm in the detection of vowel onset. Although the TEO-based 
approach achieved high and even comparable performances in HC group, its accuracy 
was relative low in PD group due to overall decreased speech quality. 
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Figure 5.1: Cumulative distributions of algorithm performance based on the absolute 
difference between automatic detection and reference labels. Performances are 
estimated separately for syllables in Parkinson’s disease subjects (PD) and healthy 
controls (HC), as well as for all syllables together (All). The first column shows the 
performance of the algorithm presented in this study and the second column illustrates 
the performance achieved by the TEO-based algorithm. 
 
Figure 5.2 illustrates performance of updated algorithm in a comparison to the 
performance of original algorithm designed for assessment of PD. The VOT boundaries 
detection is illustrated by solid lines in the Fig. 19, which shows the algorithm 
performance using cumulative distributions of absolute differences between detected 
and reference positions. For the purposes of comparison, the dashed lines in Fig. 19 
represent performance of previously designed PD-aimed algorithm. Considering 10ms 
threshold and PD sufferers, the presented algorithm achieved slightly improved score of 
81.5 % for the initial burst and 89.5 % for the vowel onset, when compared to score of 
78.2 % for the initial burst and 88.6 % for the vowel onset achieved by previously PD-
aimed algorithm. Nevertheless, considering 10ms threshold and HD sufferers, the 
presented algorithm score of 77.8% for the initial burst and 80.1% for the vowel onset 
significantly outperforms score of 45.8% for the initial burst and 55.1% for the vowel 
onset achieved by the previous PD-aimed algorithm. 
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Figure 5.2: Cumulative distributions of absolute difference between detected and 
reference values using the enhanced algorithm. The results obtained for the Initial burst 
(1st column) and Vowel onset (2nd column) and for PD (1st row) and HD (2nd row) 
speakers. For the purposes of comparison the dashed line represent results of PD-aimed 
algorithm. 
5.1.2 Group differences and relationships between metrics 
 The characteristics of each measurement, including the mean and standard 
deviation of values and effect sizes are listed in Table 5.1 for HC, PDU and HD groups 
and Table 5.2 for PDSDD, MSA and PSP groups. Significant differences between PDU 
and HC, and HD and HC performances were found in each feature group. Differences 
between APS and PDSSD were found in features describing voice quality, tongue 
movements and speech timing. The correlations between features based on automatic 
detection and manual reference labels showed high reliability (r = 0.70 to 0.99, 
p < 0.001) for all features except for those based upon precision of consonant 
articulation which showed moderate reliability (r = 0.40 to 0.69, p < 0.001).  
5.1.2.1 Group differences between PD, HD and HC metrics 
 In the voice quality dimension, the VVQ was significantly increased PDU 
patients when compared to controls (t (44) = −3.13, p = 0.003). Similarly, the VSQ30 
was decreased in PDU patients (t (44) = 2.42, p = 0.02). As for the HD vs. HC 
comparison both VVQ (t (57) = −2.75, p = 0.008) and VSQ30 (t (57) = −4.59, 
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p < 0.0001) were significantly decreased. In the dimension considering the coordination 
of laryngeal and supralaryngeal articulators, both VOT (e.g. VOT:all t (44) = −7.54, 
p = 0.003) and VOT ratio (e.g. VOT ratio: all t(44) = −3.57, p = 0.003) features 
reflected a considerable increase for PDU participants, with VOT generally providing 
superior results to VOT ratio as demonstrated by effect sizes. In the HD group, 
however, only VOT (e.g. VOT:all t (57) = −4.70, p < 0.0001)showed significant 
increase. Considering the disrupted precision of consonant articulation, a significant 
difference in CST between the HC and PDU groups for /pa/ (t (44) = −2.48, p < 0.02) 
and /ka/ (t (44) = −4.54, p < 0.0001) syllables was observed, whereas only a trend was 
detected for /ta/ (t (44) = −1.7899, p = 0.08). However, we found no significant group 
differences for CSM extracted through various consonants. Contrary to PDU, the HD 
group differed significantly for all CSM (e.g. CSM:/pa/ t (57) = −3.25, p = 0.002) and 
two CST features (CST:/pa/ t (57) = −2.41, p = 0.02; CST:/ka/ t (57) = −4.27, 
p < 0.0001). In the tongue movement dimension, all the 1FTs for /pa/ (t (44) = 3.88, 
p = 0.0004), /ta/ (t (44) = 3.61, p = 0.0008) and /ka/ (t (44) = 3.75, p = 0.0006) syllables 
were significantly different between the PDU and HC groups as well as between HD and 
HC groups (1FT:/pa/ t (57) = 2.87, p = 0.006; 1FT:/ta/ t (57) = 3.63, p = 0.0006; 
1FT:/ka/ t (57) = 2.93, p = 0.005). In contrast, only 2FT for the /ta/ syllable 
(t (44) = 3.72, p = 0.0006) was found to be impaired in PDU patients and the /ta/ 
(t (57) = 3.01, p = 0.004) and /ka/ (t (57) = -5.28, p < 0.0001) syllables were impaired in 
HD group. Lower SNR compared to HC in the PDU group and even more in HD group 
provided significant distinction (PDU: t (44) = 2.05, p = 0.047; HD: t (57) = 3.92, 
p = 0.0002) in the occlusive weakening dimension. Finally, the speech timing 
dimension exhibited a considerable decrease in the DDK rate (t (44) = 4.45, 
p < 0.0001), and increase in DDK fluctuation (t (44) = −2.78, p = 0.0082) in the PDU 
group. Furthermore, t HD showed strong distortion in all speech timing features 
excluding the vowel duration (DDK Rate t (57) = 8.04, p < 0.0001); DDK pace: 
t (57) = -3.95, p = 0.0002); DDK fluctuation t (57) = -3.43, p = 0.001); DDK regularity 
t (57) = -3.95, p = 0.0002)). 
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Table 5.1: Overview of Results of HC, PDU and HD Groups 
5.1.2.2 Group differences between PD, PSP and MSA metrics 
 The Kruskal-Wallis analysis revealed significant differences between PDSDD and 
both MSA and PSP only in VSQ30 (H (2, 38) = 9.90, p = 0.007) and VVQ 
(H (2, 38)  = 9.84, p = 0.01) features representing voice quality dimension and in DDK 
regularity (H (2, 38) = 6.47, p = 0.04) feature included in speech timing dimension. In 
# Feature HC PD HD Cohen‘s d† 
  Mean ± SD Mean ± SD Mean ± SD PD vs. HC HD vs. HC 
 Voice Quality  
1 VSQ (-) 0.45 ± 0.10 0.41 ± 0.33 0.41 ± 0.13 0.33 0.33 
2 VSQ30 (-) 0.45 ± 0.11 0.37 ± 0.11 0.55 ±0.17 0.74* 0.79** 
3 VVQ (ms) 14.51 ± 4.59 11.49 ± 4.62 32.49 ± 20.77 0.96** 1.41*** 
 Coordination of Laryngeal and Supralayngeal Activity  
4 VOT:all (ms) 20.33 ± 6.14 34.50 ± 6.17 25.58 ± 5.92 -2.30*** -1.29*** 
5 VOT:/pa/ (ms) 14.08 ± 4.66 26.57 ± 6.15 20.39 ± 6.63 -2.30*** -1.32*** 
6 VOT:/ta/ (ms) 22.21 ± 7.91 36.42 ± 10.33 25.87 ± 7.84 -1.54*** -1.17*** 
7 VOT:/ka/ (ms) 24.73 ± 8.39 40.49 ± 7.05 30.52 ± 8.75 -2.03*** -0.78** 
8 VOT ratio:all (%) 28.32 ± 6.51 35.43 ± 6.57 25.50 ±7.14 -1.08***  0.15 
9 VOT ratio:/pa/ (%) 22.40 ± 5.77 30.84 ± 8.20 22.96 ±7.03 -1.19*** -0.22 
10 VOT ratio:/ta/ (%) 29.90 ± 7.98 36.41 ± 7.81 26.01 ±8.12 -0.83**  0.06 
11 VOT ratio:/ka/ (%) 32.65 ± 8.08 39.04 ± 6.97 27.53 ± 10.22 -0.85**  0.43 
 Precision of Consonant Articulation  
12 CST:/pa/ (rad×10-9) -3.23 ± 1.30 -2.25 ± 1.31 -1.12 ± 1.68  -0.76* -0.61* 
13 CST:/ta/ (rad×10-9) -2.89 ± 2.02 -2.00 ± 1.15 -1.61 ±2.70 -0.54 -0.35 
14 CST:/ka/ (rad×10-9) -4.29 ± 1.91 -2.02 ± 1.34 -1.35 ±8.78 -1.38*** -1.12*** 
15 CSM:/pa/ (kHz) 4.93 ± 0.38 4.98 ± 0.47 6.80 ±1.11 -0.11 -0.86** 
16 CSM:/ta/ (kHz) 5.00 ± 0.61 5.42 ± 1.01 8.41 ±1.59 -0.50 -1.29*** 
17 CSM:/ka/ (kHz) 4.81 ± 0.41 4.87 ± 0.49 7.53 ±1.41 -0.13 -1.26*** 
 Tongue Movement  
18 1FT:/pa/ (rad) 0.02 ± 0.11 -0.13 ± 0.13 -0.14 ±0.17  1.19***  0.76** 
19 1FT:/ta/ (rad) 0.03 ± 0.14 -0.11 ± 0.13 -0.02 ±0.19  1.10**  0.97*** 
20 1FT:/ka/ (rad) 0.14 ± 0.14 -0.02 ± 0.13 -0.04 ±0.29  1.14**  0.81** 
21 2FT:/pa/ (rad) -0.09 ± 0.26 -0.06 ± 0.25 0.01 ±0.36 -0.12 -0.31 
22 2FT:/ta/ (rad) 0.55 ± 0.22 0.28 ± 0.26 0.01 ±0.45  1.14***  0.84** 
23 2FT:/ka/ (rad) -0.53 ± 0.21 -0.43 ± 0.21 0.61 ±0.40 -0.46 -1.47*** 
 Occlusion Weakening  
24 SNR (dB) 28.02 ± 4.16 25.13 ± 5.03 22.41 ±5.78 0.63* 1.12*** 
 Speech Timing  
25 DDK Rate (syll/s) 7.74 ± 0.65 6.69 ± 0.88 4.97 ±1.39  1.36*** 2.38*** 
26 DDK pace (ms) 64.34 ± 11.26 58.29 ± 16.66 119.49 ± 58.56  0.42 -1.21*** 
27 DDK fluctuation (ms) 22.91 ± 14.67 14.28 ± 15.02 56.62 ±56.15  0.85** -1.06** 
28 Vowel duration (%) 33.37 ± 6.43 36.71 ± 6.32 37.14 ±6.43 -0.55 -0.07 
29 DDK regularity(ms) 26.91 ±7.98 17.02 ±16.76 70.45 ±61.48 -0.75 1.21*** 
† Measurements reaching significance are denoted by asterisks: *) p < 0.05, **) p < 0.01, and ***) 
p < 0.001. 
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addition the PSP compared to PDSDD differed significantly in 
the 2FT:/ta/ (H (2, 38) = 9.7, p = 0.008) and the Vowel duration features (H (2, 38) = 
7.07, p = 0.03). 
 
Table 5.2: Overview of Results of PDSDD, MSA and PSP Groups 
# Feature PDSDD MSA PSP Cohen‘s d† 
  Mean ± SD Mean ± SD Mean ± SD MSA 
vs.   
PDSDD 
PSP 
vs.   
PDSDD 
MSA 
vs. 
PSP 
 Voice Quality   
1 VSQ (-) 0.52 ± 0.21 0.71 ± 0.21 0.60 ± 0.19 -0.89 -0.42 0.53 
2 VSQ30 (-) 0.40 ± 0.11 0.56 ± 0.16 0.55 ±0.13 -1.13** -1.25** 0.05 
3 VVQ (ms) 17.03 ± 12.58 35.47 ± 24.68 71.08 ± 113.25 -0.94* -0.67* -0.43 
 Coordination of Laryngeal and Supralayngeal Activity   
4 VOT:all (ms) 20.33 ± 7.64 33.90 ± 12.86 36.68 ± 13.36 -0.66 -0.91 -0.22 
5 VOT:/pa/ (ms) 20.40 ± 6.76 28.39 ± 16.28 29.29 ± 13.57 -0.65 -0.84 -0.06 
6 VOT:/ta/ (ms) 25.86 ± 10.00 35.49 ± 16.44 37.98 ± 16.05 -0.71 -0.91 -0.15 
7 VOT:/ka/ (ms) 34.56 ± 10.15 37.84 ± 10.96 43.74 ± 14.45 -0.31 -0.74 -0.46 
8 VOT ratio:all (%) 31.37 ± 7.16 27.95 ± 5.92 31.53 ± 10.53 0.52 -0.02 0.42 
9 VOT ratio:/pa/ (%) 27.38 ± 8.91 25.81 ± 8.04 26.60 ± 9.45 0.19 0.08 0.09 
10 VOT ratio:/ta/ (%) 30.53 ± 8.83 27.96 ± 7.33 33.82 ± 12.76 0.32 0.30 -0.56 
11 VOT ratio:/ka/ (%) 36.19 ± 6.83 30.10 ± 5.85 33.89 ± 12.03 0.96 0.24 0.40 
 Precision of Consonant Articulation   
12 CST:/pa/ (rad×10-9) -0.75 ± 0.69 -0.50 ± 0.50 -0.70 ± 0.55  -0.41 -0.07 0.38 
13 CST:/ta/ (rad×10-9) -1.90 ± 1.27 -1.00 ± 0.93 -0.54 ± 1.52 -0.82 -0.98 0.37 
14 CST:/ka/ (rad×10-9) -9.71 ± 6.53 -7.88 ± 7.62 -5.19 ± 5.65 -0.25 -0.74 -0.40 
15 CSM:/pa/ (kHz) 7.53 ± 0.79 6.95 ± 0.98 6.97 ± 0.97 0.65 0.64 -0.01 
16 CSM:/ta/ (kHz) 8.49 ± 0.74 8.52 ± 1.22 8.01 ± 1.37 -0.03 0.43 0.39 
17 CSM:/ka/ (kHz) 7.69 ± 0.96 7.38 ± 1.11 7.19 ± 5.56 0.30 0.64 0.22 
 Tongue Movement   
18 1FT:/pa/ (rad) -0.03 ± 0.02 -0.01 ± 0.02 -0.03 ± 0.04 -0.78 0.00 0.57 
19 1FT:/ta/ (rad) -0.01 ± 0.02 -0.01 ± 0.03 -0.03 ± 0.03 -0.31 0.39 0.64 
20 1FT:/ka/ (rad) -0.01 ± 0.3 0.00 ± 0.2 -0.02 ± 0.04 -0.39 0.44 0.75 
21 2FT:/pa/ (rad) 0.01 ± 0.04 0.03 ± 0.04 0.00 ± 0.05 -0.46 0.08 0.50 
22 2FT:/ta/ (rad) 0.07 ± 0.04 0.03 ± 0.03 0.01 ± 0.06 0.95 1.15** 0.55 
23 2FT:/ka/ (rad) -0.07 ± 0.04 -0.04 ± 0.04 -0.05 ± 0.05 -0.59 -0.39 0.14 
 Occlusion Weakening   
24 SNR (dB) 25.67 ± 6.13 25.02 ± 5.90 23.61 ± 5.47 0.11 0.36 -0.25 
 Speech Timing   
25 DDK Rate (syll/s) 6.82 ± 1.12 5.45 ± 1.32 5.72 ± 1.32 1.12 0.90 -0.20 
26 DDK pace (ms) 78.85 ± 43.78 79.41 ± 27.38 86.59 ± 32.04 -0.02 -0.19 -0.22 
27 DDK fluctuation 
(ms) 
19.07 ± 16.38 36.05 ± 32.04 35.77 ± 34.45 -1.12 -0.90 0.20 
28 Vowel duration (%) 37.90 ± 5.81 49.48 ± 10.8 46.41 ± 18.69 -0.61 -1.34* 0.20 
29 DDK regularity(ms) 18.57 ± 8.82 43.73 ± 27.11 51.09 ± 40.30 -1.25* -1.12* -0.22 
† Measurements reaching significance are denoted by asterisks: *) p < 0.05, **) p < 0.01, and ***) 
p < 0.001. 
 
Automated assessment of diadochokinesis and resonance in dysarthrias associated with basal ganglia 
dysfunction 
66 Michal Novotný - January 2016 
5.1.3 Classification experiment 
 The classification experiment was based on PDU and HC groups. Considering 
relations between speech features, the Pearson’s correlation revealed correlation higher 
than 0.9 between the VOT and VOT ratio measurements. Accordingly, distance 
correlation reached value higher than 0.8 only between VOT and VOT ratio 
measurements. Therefore, all 29 features were retained for the classification experiment. 
The most representative classification results are presented in Table 5.3, where the 
correct overall, true positive and true negative performance rates are listed. 
Interestingly, the best correct overall classification score of 87.1 ± 5.4 % obtained by 
standard cross-validation and 88.4 ± 26.4 % obtained by LOSO cross-validation was 
achieved for the combination of six parameters (VSQ30, VOT:/pa/, CST:/ka/, 2FT:/ta/, 
SNR, DDK rate), each representing one different speech dimension. Figure 5.3 shows 
probability distributions for six representative features with the best classification 
accuracy estimated using the Gaussian kernel density method. 
Table 5.3: Representative Classification Results 
Feature set  
(number of measerements) Correct overall (%) True positive (%) True negative (%) 
Cross-validation based on 60% training set and 40% testing set 
VSQ30, VOT:/pa/, CST:/ka/, 
2FT:/ta/, SNR, DDK rate (6) 
87.1 ± 5.4 86.2 ± 9.6 88.0 ± 7.5 
VOT:all, 2FT:/ta/, DDK rate (3) 85.2 ± 4.5 84.5 ± 9.3 86.3 ± 8.1 
All easurements (27) 82.4 ± 7.0 91.4 ± 9.9 74.8 ± 10.3 
VOT:all (1) 83.3 ± 5.4 87.8 ± 7.3 78.1 ± 11.5 
Leave-one-subject-out cross-validation 
VSQ30, VOT:/pa/, CST:/ka/, 
2FT:/ta/, SNR, DDK rate (6) 
88.4 ± 26.4 86.4 ± 37.6 90.5 ± 20.1 
VOT:all, 2FT:/ta/, DDK rate (3) 83.7 ± 28.3 81.8 ± 29.1 85.7 ± 28.0 
All easurements (27) 82.6 ± 32.5 88.6 ± 21.4 76.2 ± 40.7 
VOT:all (1) 79.1 ± 34.9 90.9 ± 25.1 66.7 ± 66.7 
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Figure 5.3: Probability densities of six representative features with the best SVM 
classification performance. The vertical axes are the probability densities P(measure) of 
feature values estimated using the Gaussian kernel density method. The dashdot lines 
represent the HC group and solid lines the PD group. 
 
5.2 Velopharyngeal control 
5.2.1 Perceptual analysis 
 The estimated ICC was 0.85 (p < 0.001) for inter-rater reliability and 0.86 
(p < 0.001) for intra-rater reliability. According to perceptual tests, 89% of HD and 65% 
of PD patients showed mild or moderate hypernasal speech performance whereas mild 
hypernasality was observed in 27% of healthy speakers. The distribution of participants 
across four perceptual rating grades (no, mild, moderate, severe) are presented Figure 
5.4. 
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Figure 5.4: Percentage of participants perceptually scored according to 
GOS.SP.ASS.’98 (Sell et al., 1999) into four grades (0 = no, 1 = mild, 2 = moderate, 
3 = severe). 
5.2.2 Acoustic analysis 
 Figure 5.5 illustrates the average energy distributions in PD, HD and HC groups 
across 18 frequency bands. As can be seen, the HD group demonstrates spectral 
flattening in the area between the F1 and F2 formant frequencies. 
 Analysis of test-retest reliability of the proposed parameter EFn showed strong 
positive correlation for mean (r = 0.87, p < 0.001) and SD (r = 0.79, p < 0.001) 
parameters, whereas trend analysis showed only moderate positive correlation (r = 0.47, 
p < 0.001). Table 5.4 lists the mean, SD, and trend values for acoustic parameters EFn as 
well as ANOVA results with post-hoc comparison between HD vs. HC and PD vs. HC 
groups. Statistically significant differences between all groups were observed for EFn 
mean and EFn SD (p < 0.001), particularly due to differences between HD and HC 
groups (p < 0.001).  
 Figure 5.5 A-C shows the percentage of affected participants according to Wald 
analysis. Using cutoff values -33dB for EFn mean and 3 dB for EFn SD, we found 
increased nasality in 54% and abnormal nasality variability in 78% of all HD 
participants. In PD, increased incidence of hypernasality was observed in 27% of all 
patients. In HC, 19% of speakers showed hypernasality. 
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Figure 5.5: Measured values of 1/3octave spectra for 75 – 4000 Hz bands for HC, HD 
and PD groups. 
 
Table 5.4: Overview of Results  for HC, PD and HD Groups 
 
Table 5.5 lists the mean and SD values for acoustic parameters EFn as well as 
Kruskal-Wallis results with post-hoc comparison between PSP vs. PD, MSA vs. PD and 
PSP vs. MSA groups. Statistically significant differences between MSA and PD were 
observed for EFn SD (p < 0.001). 
  
Parameter HC HD PD ANOVA Cohen‘s d† 
  Mean ± SD Mean ± SD Mean ± SD F(2,108) p 
HD vs. 
HC 
PD vs. 
HC 
EFn 
 mean [dB] -39.10 ± 3.06 
 
-34.85 ± 4.59 -38.93 ± 4.37 11.82 p < 0.001 1.09* 0.16 
 SD [dB] 2.03 ± 0.44 
 
4.29 ± 2.17 2.17 ± 0.64 59.08 p < 0.001 1.44* 0.26 
 trend  [dB/s] -3.68 ± 17.76 -2.22 ± 82.32 -4.78 ± 18.58 0.21 p = 0.81 -0.10 0.06 
†Mean, SD, and trend values of EFn, ANOVA F and p results and Cohen’s d for post-hoc Bonferroni 
comparisons between HC and HD, and HC and PD groups, with the level of statistical significance 
marked as *) p < 0.001. 
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Table 5.5: Overview of Results  for PD, PSP and MSA Groups 
 
Figure 5.6 A and B shows the percentage of affected participants according to 
Wald analysis. Using cutoff values -33dB for EFn mean and 3 dB for EFn SD, we did not 
observe significantly different level of nasality in PSP or MSA participants compared to 
those diagnosed with PD; however we did observe abnormal nasality variability in 67% 
of all MSA participants compared to 27 % of PD participants and 25 % of PSP 
participants. 
 
 
Figure 5.6: Percentage of participants marked as hypernasal using A) EFn mean and B) 
EFn SD.  
5.2.3 Relationships between perceptual and acoustic analysis 
Figure 5.7 shows comparisons related to the percentage of participants rated as 
hypernasal by acoustic and perceptual tests across HD, PD, and HC groups. We 
Parameter PD PSP MSA Kruskal-Wallis Cohen‘s d† 
  Mean ± SD Mean ± SD Mean ± SD 
 
 
F(2,57) 
 
 
p 
PSP 
vs. 
PD 
MSA 
vs. 
PD 
PSP 
vs. 
MSA 
EFn 
 mean [dB] -39.10 ± 3.06 -38.99 ± 4.06 -37.95 ± 4.79 0.23 p = 0.89 0.12 0.12 0.23 
 SD [dB] 2.03 ± 0.44 2.66 ± 0.58 3.35 ± 0.68 21.12 p < 0.001 0.81 1.78* 1.09 
†Mean and SD values of EFn, ANOVA F and p results and Cohen’s d for post-hoc Bonferroni comparisons 
between PD, PSP, and PD and MSA, MSA and PSP groups, with the level of statistical significance 
marked as *) p < 0.001. 
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observed significant correlation between perceptual test and the acoustic EFn SD 
parameter (r = 0.42, p < 0.001). No other correlations between perceptual and acoustic 
assessment were detected. 
 
 
Figure 5.7: Percentage of participants marked as hypernasal using A) EFn mean, B) EFn 
SD, and C) perceptual rating. 
5.2.4 Relationships between hypernasality and clinical manifestations 
In the HD group, we observed significant relationship between the UHDRS 
chorea subscore and EFn SD (r = 0.42, p = 0.01). No other acoustic parameters showed 
significant correlation to disease severity scales. In the PD group, we did not detect any 
relationship between acoustic assessment and UPDRS score or subscores. We did not 
detect correlation between perceptual assessment and clinical manifestations in either 
PD or HD groups. No relationship between hypernasality scores and disease duration 
was found.  
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6 DISCUSSION 
6.1 Rapid articulatory moves 
In the thesis we present a fully automatic approach to assess articulatory and 
disorders in PD, which is in contrast to previous research that primarily focused on the 
assessment of dysphonic patterns of hypokinetic dysarthria. For the purposes of other 
dysarthrias estimation we have extended the original algorithm which did not reflect 
some other aspects including audible inspirations and inappropriate silences. Our 
designed speech features proved capable of describing parkinsonian hypokinetic 
dysarthria and huntingtonian hyperkinetic dysarthria and even described some 
articulatory differences between hypokinetic dysarthria and mixed dysarthrias 
connected with APS. Based on the speech features we were able to differentiate 
between speech in de novo PD patients and controls with a high classification accuracy 
of 88%. Interestingly, the strongest classification accuracy for a single articulatory 
feature was obtained through the VOT, suggesting consonant articulation is a very 
powerful PD indicator.  
6.1.1 Algorithm performance 
Automatic segmentation represented by cumulative distributions showed rapid 
growth of the performance in the first 5 ms of absolute difference between the detected 
and reference positions. Considering the 5 ms threshold for initial burst and vowel 
onset, our algorithm performance exceeded 85% accuracy for HC speakers and 70% 
accuracy for PD patients, illustrating adequate precision of the designed algorithm in the 
evaluation of both healthy and dysarthric speech. Since the occlusion does not provide 
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such abrupt change in signal energy as the initial burst or vowel onset, our algorithm 
reached the lowest performance of 59% within 5 ms threshold for occlusion detection 
but its accuracy was substantially increased to 77% when considering 10 ms threshold. 
Moreover, the results of the majority of our features exhibit strong or even very strong 
correlation to the results obtained using precise manual labels, while none fell below 
moderate correlation. This is crucial from the clinical point of view, as it is more 
important to achieve a correct estimation of the patient’s speech performance than to 
obtain the precise position of individual boundaries. 
Comparing our results with those obtained by the TEO-based algorithm using a 
5 ms threshold (Hansen et al., 2010), both algorithms showed relatively high 
performances, exceeding 65% for utterances in healthy speakers. However, taking into 
account the performance of the PD group separately, the performance of the TEO-based 
algorithm declined under 50% accuracy, while our algorithm still maintained sufficient 
accuracy, exceeding 70%. Thus, the presented comparison shows that results provided 
by our algorithm are less vulnerable to PD-induced signal aggravation than those 
obtained by the TEO-based approach. Nevertheless, it is important to note that the TEO-
based algorithm was primarily designed for real-time accent analysis, whereas our 
algorithm is focused on reliable dysarthric speech assessment, which does not require 
real-time processing. 
The HD extension of original algorithm for the estimation of VOT in dysarthria 
achieved a high performance score of up to 90% in PD speakers and up to 80% in HD 
speakers for a 10 ms threshold. In the case of hyperkinetic dysarthria in HD, the current 
approach was superior to a previous algorithm designed particularly for hypokinetic 
dysarthria in PD, with increased performance by over 25%. Indeed, the previous 
approach was not sufficient in the evaluation of HD speech as hyperkinetic dysarthria 
may be particularly associated with audible inspirations and inappropriate voice breaks, 
which could affect the detection of syllable nuclei and their borders, and therefore leads 
to an increased occurrence of false detections. The robustness of the present algorithm 
to uncontrollable confounding effects in HD speech seems very promising for the 
automatic detection of VOT in different types of dysarthria due to various neurological 
conditions. 
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6.1.2 Articulatory deficits  
Due to pathological changes in the basal ganglia, PD, APS and HD disrupt the 
effective execution of articulatory movements leading to various phonatory, 
articulatory, and prosodic disturbances. Accordingly, the analysis of freely connected 
speech seems to be the best way to assess the impact neurodegenerative pathology on 
speech (Kent et al., 1999, Rusz et al., 2013b). However, the fully automatic estimation 
of relevant articulatory features such as VOT from free running speech is a very 
difficult task and to the best of our knowledge, no such algorithm has been presented to 
date. To provide a robust, fully automatic classifier, previous studies have primarily 
used speech tests with a fixed frame such as sustained phonation (Little et al., 2009, 
Tsanas et al., 2012), which significantly lowers the complexity of analysis and preserves 
as much useful information as possible. Moreover, the advantage of analyzing sustained 
phonation resides in fact that the speaker’s native language has no or only a small effect 
on dysphonia parameters. Although sustained phonation measurements provide a 
precise estimation of dysphonic features, Parkinsonian dysphonia is only a subset of 
dysarthric aspects of speech, whereas dysarthria is primarily a distinctive disorder of 
articulation (Duffy, 2013). Contrary to sustained phonation measurements, our approach 
based upon DDK task assessment provides a wide range of articulatory aspects related 
to dysarthria that may be subjected to evaluation, and allows their automatic 
assessment; however, possible language dependency cannot be excluded. 
6.1.2.1 Articulatory deficits in PD 
Voice quality is represented by decreased, and by increased VVQ. Decreased in 
both PD participants reflects increased noise caused by insufficient vocal fold adduction 
and phonatory instability caused by a decreased ability to keep laryngeal muscles in a 
fixed position (Kent et al., 2000b, Lindblom and Sundberg, 1971). Increased VVQ 
illustrates disrupted timing of vowel gestures (Goberman and Blomgren, 2008). 
Voice onset time as the most powerful PD predictor suggests the imprecise 
coordination of laryngeal and supralaryngeal articulation as an early, prominent sign of 
PD. Each VOT measurement showed considerable prolongation of consonant duration, 
which may indicate disrupted coordination between the laryngeal muscle group and 
supralaryngeal articulators (tongue, jaws, and lips). However, previous studies focused 
on VOT in PD have provided inconsistent results. While some researchers reported 
increased or unchanged VOT in PD patients (Forrest et al., 1989, Bunton and Weismer, 
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2002), other studies suggested decrease in VOT due to parkinsonian articulatory 
disorders (Flint et al., 1992, Weismer, 1984). A study by Fischer and Goberman (2010) 
suggested that this inconsistency may be related to different analysis methods used and 
the fact that measurements were not performed rate-independently. As PD patients may 
be able to willingly compensate decreased speech rates, Fischer and Goberman (2010) 
identified the VOT ratio as an appropriate rate-independent measurement.  
The willing compensation of speech rate is at the cost of reduced range of 
motion of the supralaryngeal articulators. The range of motion may also be reduced due 
to hypokinesia. Incomplete articulatory movements may be manifested as increased 
turbulent airflow leakage around the insufficiently closed obstacle, causing increased 
noise and alterations of the frequency spectrum. The significant difference between PD 
and HC groups, as captured by the CST of /pa/ and /ka/ syllables, illustrates the impact 
of insufficient articulatory movements during consonant enunciation 
The effect of dysarthria on vowels may be also described by increased noise and 
spectral alterations. The increased noise component in consonants is probably a result of 
insufficient closure of the supralaryngeal articulators, whereas the vowel noise 
component may be the result of insufficient vocal fold adduction (Kent et al., 2000b). 
On the other hand, the distorted setup of supralaryngeal articulators may evoke notable 
changes in formant frequencies. Therefore, the 1FT and 2FT are used to indicate 
disruptions of articulatory movements during voicing (Kent et al., 2000b, Lindblom and 
Sundberg, 1971). The 1FT, which is connected with movement of the tongue in the 
vertical direction, illustrates impairment in all /pa/, /ta/, /ka/ syllables in both PD and 
HD participants. The 2FT, describing advance of the tongue, in PD shows disruption 
only during the /ta/ syllable, which is articulated by the tip of the tongue. 
Disruption of articulatory movements leading to occlusive weakening during silent gaps 
between single words can be captured by decreased SNR in PD. Similar to the case of 
consonant articulation; this is likely caused by insufficient articulatory closure resulting 
in leakage of turbulent airflow (Kent et al., 2000b, Duez, 2007).  
The general effect of dysarthria is well described by a considerable decrease of 
the DDK rate in PD speakers. Although the DDK pace measurement did not prove 
significant alterations in silent gap lengths, the DDK fluctuation revealed considerable 
instability of silent gaps in PD. The silent gap instability and non-significant DDK pace 
may suggest the effect of short rushes of speech, which can be caused by a combination 
of akinesia and speech hastening (Darley et al., 1975). 
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6.1.2.2 Articulatory deficits in HD 
Similarly to PD, the HD voice quality dimension showed significant differences 
for the VSQ30 and VVQ features. However, the VVQ parameter was, in contrast to PD, 
significantly increased, suggesting severe distortion in vowel length variability. This 
finding may be the result of the myoclonic vowel prolongation and irregular alternating 
motion rates (AMR) which are prominent hyperkinetic dysarthria distortions (Duffy, 
2013). 
The coordination of laryngeal and supralaryngeal articulators showed less severe 
VOT prolongation than PD; nevertheless all VOT parameters were significantly 
increased. This fact may be connected with the slow and irregular AMRs also reported 
as dominant hyperkinetic feature (Duffy, 2013). Unlike in the case of VOT, no VOT 
ratio parameter revealed significant difference. This is probably due to the lower effect 
of HD and also due to the presence of high syllable length variability, particularly 
because of high VVQ parameter, which was used to normalize the VOT length. 
Distorted consonant articulation showed increased CST /pa/ and /ka/ in similar 
manner as PD. Conversely the CSM in HD showed significant increase in all /pa/, /ta/ 
and /ka/ syllables suggesting inappropriate articulation during consonant articulation. 
This finding may be possibly caused by the presence of excessive movements which 
make precise articulation more difficult. This inference supports the presence of 
imprecise consonant articulation listed by Duffy (2013) as one of the most deviant 
speech dimensions. 
The tongue movements were significantly distorted no matter whether they 
involved protrusion or elevation, which is in line with studies reporting HD related 
dysphagia and distorted vowels (Duffy, 2013, Leopold and Kagel, 1985). Another 
possible effect could have been the presence of intermittent hypernasality, which as a 
resonatory disruption also affects formant frequencies. 
The SNR feature showed a significantly decreased distance between signal and 
noise. This result is probably due to the harshness and strained-strangled quality of the 
voice in the signal area and audible inspirations in the noise area, which are also the 
most prominent features of HD-related hyperkinetic dysarthria (Duffy, 2013). 
The speech timing of HD utterances showed a significant decrease of speech 
rate, possibly due to the presence of prolonged phonemes, and slow AMRs. More 
interestingly, the features describing speech rhythm variability revealed a significant 
decrease in the ability to keep a steady rhythm. One of the most affected parameters is 
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DDK regularity, being more than three times longer than the one measured in HC or 
even in PD. Nonetheless the DDK pace and DDK fluctuation also showed highly 
significant results confirming the presence of distorted rhythm. 
6.1.2.3 Articulatory deficits in APS 
Regarding the PSP and MSA, our results show that the characteristics of speech 
disorder may reflect the underlying neuropathology of PD and APS. Nevertheless, basin 
diagnosis only on articulatory features is unreliable. Of all the twenty-nine features 
describing articulation, only five features from voice quality, tongue movements and 
speech timing dimensions differed significantly between PD and APS.  
In voice quality, the VSQ30 feature was significantly decreased in both PSP and 
MSA probably due to the presence of ataxic (including harsh voice, voice tremor) and 
spastic (including harshness, hyprnasality, breathy voice, distorted vowels) features. 
Furthermore the VVQ features showed a significant increase, suggesting distorted 
vowels. Interestingly, though not too significantly, PSP speakers showed a noticeable 
increase in VVQ compared to MSA, suggesting that with more samples the difference 
may emerge as significant. 
Considering the speech timing, the vowel length and the DDK regularity 
measurements were significantly increased, suggesting the more severe impact of APS 
on rhythm than exhibited PD participants. In addition to the aspects that were 
significantly distorted for both PSP and MSA, the PSP utterances showed also 
significantly distorted 2FT/ta/ connected with tongue tip protrusion and the vowel 
duration feature, suggesting phonemes prolongation in PSP.  
6.1.3 Classification experiment 
The presented classification experiment shows that a complex view on various 
aspects of Parkinsonian speech impairment using simple the task of fast syllable 
repetition provides great potential for fully automatic assessment of the severity of 
hypokinetic dysarthria in PD speakers. Using our novel DDK-based approach, we were 
able to predict PDU group membership with a very high performance of approximately 
87.1% using standard cross-validation and 88.4% using LOSO cross-validation. Since 
our database consists only of 80 speech samples from 46 participants, the advantage of 
standard cross-validation is that it provides lower variance in results due to possibility to 
set up larger test group. Yet, training and testing subsets may contain different 
utterances from the same individuals. This problem is treated by using of LOSO cross-
Automated assessment of diadochokinesis and resonance in dysarthrias associated with basal ganglia 
dysfunction 
78 Michal Novotný - January 2016 
validation, however, the result variance is increased because only 2 utterances were 
available per subject. 
Notably, the best SVM feature subset comprises six measurements where each 
one represents a different aspect of speech, confirming the importance of complex 
speech assessment in PD. It has already been shown that the complex assessment of 
speech profile in PD may be essential in providing information about the effect of 
therapy in the course of disease progression on a particular speech apparatus (Rusz et 
al., 2013a). 
Recent studies focused on the differentiation between PD and healthy speakers 
presented very high classification performances of 89% (Little et al., 2009) and 98% 
(Tsanas et al., 2012) using a single sustained phonation task for the evaluation of 
dysphonia. However, considering that speech severity may be influenced by the severity 
of motor manifestations, disease duration, and specific effects of dopaminergic 
treatment ((Rusz et al., 2013a, Skodda et al., 2010, Schulz and Grant, 2000), an exact 
comparison with previous results is not possible. Our PD patients were investigated 
immediately after the diagnosis was established and before symptomatic treatment was 
initiated, whereas previous datasets consisted of treated Parkinsonian patients with 
various disease durations after diagnosis (years in (Little et al., 2009)). In our 
preliminary findings (Rusz et al., 2011b), we achieved 85% performance in the 
differentiation between PDU and HC participants. However, this classification score was 
obtained using various features estimating prosody, phonation and articulation aspects 
together. The classification based upon single aspects achieved classification score of 
81% for prosody using monologues, 76% for phonation using sustained vowels, and 
only 71% for articulation using fast syllable repetitions. Therefore, in comparison to 
these previous results, the current approach provides a performance improvement. 
6.1.4 Limitations  
Certain limitations of the present study must be considered. Due to the 
problematic recruitment of de novo PD patients, the current dataset consisted of only 24 
Parkinsonian native Czech speakers. The small sample size of the present study may 
bias the performance of the classifier to a certain extent. Although newly diagnosed, the 
majority of our patients were already in the middle H&Y stages 2 or 2.5. However, to 
consider speech tests as diagnostic decision support tool for an early diagnosis of PD, 
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we would need to differentiate between controls and untreated PD speakers in their very 
early disease stages.  
As our PDSDD patients were investigated in their ON condition, we cannot 
exclude that some differences between PDSDD and APS were more pronounced due to 
the beneficial effect of dopaminergic therapy. However, it is assumed that short-term 
dopaminergic therapy has no or very little effect on speech in PD (Ho et al., 2008). We 
did not differentiate between speech in the various subtypes of PSP and MSA due to the 
limited opportunity in recruiting a larger number of participants. Nevertheless, at least 
in PSP patients, different subtypes of disease seem to have no substantial effect on 
global speech performance (Skodda et al., 2011). 
Furthermore, the language dependency of features extracted from the DDK task 
cannot be excluded as such patterns have never been investigated. Another limitation of 
the current dataset is gender imbalance, related to the greater incidence of PD in males 
(Van Den Eeden et al., 2003, Baldereschi et al., 2000). Previous studies have 
documented a confounding effect of sexual dimorphism on particular speech 
impairments (Hertrich and Ackermann, 1995), and we therefore cannot exclude the 
possibility that articulatory impairment is influenced by gender-specific aspects of 
speech. Finally, our algorithm was primarily designed for parkinsonian patients with 
mild to moderate stages of disease and thus does not need to be sufficiently sensitive to 
evaluation of articulatory disorders in PD patients with advanced motor stages and 
severe dysarthria. 
6.2 Velopharyngeal control 
Based upon the 1/3-octave spectra analysis presented by Kataoka et al. (1996) 
and the acoustic model of the vocal tract published by (Stevens, 2000), we designed the 
parameter EFn to evaluate the presence and character of hypernasality in prolonged 
vowels. Using acoustic analysis, we revealed an occurrence of hypernasality in 54% of 
HD, 27% of PD, 17% PSP, 8% MSA and 19% of HC speakers. In addition, our results 
showed a high occurrence of intermittent hypernasality in 78% of HD patients and 67% 
of MSA patients. Perceptual analysis showed the occurrence of mild to moderate 
hypernasality in 89% HD, 65% PD and 22% HC speakers. Significant correlation 
between the acoustic parameter representing nasality fluctuation and perceptual 
assessment was observed. Furthermore, we revealed significant correlation between 
acoustic metric representing nasality fluctuation and chorea in HD patients. 
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6.2.1 Nasality in PD 
Although using acoustic analysis we detected hypernasality in 27% of PD 
speakers, the non-significant difference between PD and HC groups suggests that 
hypernasality is a non-prominent speech manifestation. Previous studies focused on 
hypernasality in PD have provided rather inconsistent conclusions. Based on perceptual 
evaluation, Ludlow and Basich (1983) included hypernasality among the 10 most 
salient features connected with dysarthria, whereas Darley et al. (1975) and Duffy 
(2013) found hypernasality to be non-prominent manifestation of PD. In particular, 
based on a large sample of PD patients, Logemann et al. (1978) observed hypernasality 
in only 10% of participants. Considering instrumental analyses, only Mueller (1971) 
failed to detect hypernasality in PD speakers, contrary to the majority of studies 
reporting an increased occurrence of hypernasality in PD participants (Hoodin and 
Gilbert, 1989, Netsell et al., 1975, Theodoros et al., 1995). While the differences in 
perceptual assessments could be explained by the fact that listeners from various 
cultures may have a different level of tolerance for perceived hypernasality, 
inconsistencies in the instrumental assessment are likely due to the differing sensitivity 
of particular methods. Moreover, both perceptual and instrumental assessment could be 
biased by differences in the sample data, as the majority of previous studies have 
reported hypernasality in a minority of PD speakers. One further explanation for these 
discrepancies may be that the severity of hypernasality parallels overall disease 
progression to some extent (Hoodin and Gilbert, 1989). However, we did not observe 
any relation between hypernasality metrics and disease duration or motor severity scales 
in PD. 
 
6.2.2 Nasality in HD 
The presence of hypernasality was observed in the majority of our HD speakers, 
which was mainly associated with the occurrence of abnormal nasality variability. 
Although this is the first known study to objectively examine hypernasality in HD, our 
findings are in accordance with Duffy (2013), perceptually indicating intermittent 
hypernasality as a salient feature of HD. Indeed, we observed correlation between 
acoustic nasality variability and the chorea UHDRS subscore, demonstrating the 
significant impact of chorea on velopharyngeal mechanism. This is also in accordance 
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with Duffy (2013), who proposed the effect of chorea on articulatory-resonatory 
incompetence. 
 
6.2.3 Nasality in APS 
The observed results suggest that MSA patients do not exhibit increased 
nasality, even though 67% of them exhibited significantly increased nasality variability. 
Notably, very little was found in the literature on the topic of nasality in MSA. One 
possible explanation is that MSA patients experiencing largely ataxic dysarthria 
disorders (Rusz et al., 2015, Duffy, 2013), are affected by intermittent hyponasality 
connected with ataxic dysarthria (Duffy, 2013).. This assumption is also supported by 
the very low presence of increased nasality occurring only in 8% of MSA speakers 
compared to 19% of HC speakers.  
In the PSP group, the 1/3-octave band spectra method has not detect any 
significant difference between PSP and PD or even PSP or HC. This fact suggests that 
hypernasality is not a prominent feature describing PSP-induced dysarthria. The result 
is in congruence with the study (Rusz et al., 2015), which found the hypokinetic 
dysarthria and spastic dysarthria aspects to be the most defining. 
6.2.4 Acoustic assessment of hypernasality 
In the present study we applied an acoustic method designed for the objective 
evaluation of velopharyngeal insufficiency, to determine the presence and nature of 
velopharyngeal incompetency in PD, MSA, PSP and HD. This methodology has been 
previously verified by Vogel et al. (2009) and successfully applied to patients with 
Friedriech ataxia resulting in velopharyngeal incompetency (Poole et al., 2015). Based 
upon an acoustic model of the vowel /i/ published by Stevens (2000) and 
recommendations presented by Kent et al. (1999), we designed the EFn parameter to 
describe the presence of nasal resonance in speech due to properties of the nasal cavity 
present in the 1 kHz 1/3-octave band (Stevens, 2000, Kataoka et al., 1996). This 
assumption is valid for all vowels; nevertheless the wide plateau between F1 and F2 
frequencies in the vowel /i/ makes the presence of nasal resonance more pronounced 
(Stevens, 2000, Kataoka et al., 1996). Compared to controls, the parameter EFn mean 
showed significantly increased energy in HD patients with a large effect size, 
suggesting an abnormal presence of hypernasality in HD patients. Furthermore, using 
the parameter EFn SD, we revealed significant differences in fluctuations of nasality 
Automated assessment of diadochokinesis and resonance in dysarthrias associated with basal ganglia 
dysfunction 
82 Michal Novotný - January 2016 
between HD and control, and MSA and control speakers, suggesting intermittent 
hypernasality in HD and MSA patients. The parameter EFn trend was found to be 
unreliable, as it demonstrated no significant differences between groups and low test-
retest reliability. 
6.2.5 Perceptual assessment of hypernasality 
Previous studies have reported perceptual assessment of hypernasality in 
dysarthria as rather unreliable as hypernasality is masked by more dominant dysarthria 
signs, which confounds the perceived nasalance (Brancewicz and Reich, 1989). 
Accordingly, our results indicate more HD and PD participants systematically rated as 
hypernasal by perceptual assessment than by an instrumental approach, likely due to 
difficulty in achieving accurate perception of hypernasality when other abnormal 
dysarthria characteristics are present. Furthermore, the difference between speech tasks 
used during perceptual and instrumental evaluation could be a source of discrepancy 
between acoustic and perceptual assessments.   
There is a little evidence for correlation between perceptual and instrumental 
measurements of hypernasality in dysarthrias (Poole et al., 2015, Theodoros et al., 
1995). In our HD sample, acoustic analyses identified only 50% of all HD speakers as 
hypernasal in comparison to the perceptual rating of nearly 90%. Yet, the abnormally 
intermittent character of nasality was also acoustically observed in nearly 80% of all 
HD participants. As we observed significant correlation between acoustic parameters 
measuring intermittent hypernasality and perceptual ranking, we may hypothesize that 
fluctuation in the level of nasality makes resonatory disruptions more obvious to 
perceptual raters. Interestingly, these correlations were evident even if perceptual and 
acoustic assessment were performed using different speech material. 
In agreement with our findings, previous studies have perceptually rated the 
majority of PD participants as mildly hypernasal (Theodoros et al., 1995, Hoodin and 
Gilbert, 1989). However, our raters tended to score PD speakers more strictly, and in 
ambiguous cases decided in favor of mild hypernasality. Indeed, some mild 
hypernasality is not rare even in healthy subjects and was observed in up to 22% of our 
control speakers, which is in accordance with previous research (Poole et al., 2015). 
Given this evidence, we may suppose that the perceptual decision between normal and 
mildly hypernasal speech can be misleading, particularly in dysarthrias with other 
perceptually dominant speech deviations.  
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6.2.6 Limitations 
We did not perform aerodynamic measurements, which would provide direct 
information about nasal airflow. Nevertheless, a previous study by Vogel et al. (2009) 
provided exhaustive evaluation of the 1/3-octave method and other studies have 
successfully applied this method to hypernasality assessment (Poole et al., 2015, Lee et 
al., 2003, Yoshida et al., 2000, Kataoka et al., 1996). The advantage of the current 
approach is that it provides an easy-to-administer acoustic assessment, which would be 
possible to integrate into a larger battery of acoustic tests. 
One limitation is that we used different speech tasks for the perceptual and 
acoustic evaluation of hypernasality, as accurate perceptual evaluation of hypernasality 
from sustained vowel phonation is not feasible. Indeed, the different speech tasks used 
likely make correlation analyses between perceptual and acoustic variables problematic. 
In future studies, it may therefore be beneficial to include rating for consistency, as with 
the Consensus Auditory Perceptual Evaluation of Voice (Kempster et al., 2009). 
We did not test the consistency and reliability of UPDRS and UHDRS metrics. 
Nevertheless, relationships between nasality and motor abnormalities were found only 
for the UHDRS chorea subscore, which showed high inter-rater reliability with an ICC 
of 0.82 (Huntington-Study-Group, 1996). 
As HD generally has an earlier onset than PD, the PD and HD participant groups 
could not be age-matched. Therefore, we matched the age of the control group to the 
age of generally older PD group, as nasality is expected to remain stable throughout life 
or may slightly deteriorate as a consequence of aging (Ramig and Ringel, 1983, Hoit et 
al., 1994). This approach ensures that the results of the PD group were not favored in 
comparison with the HC group. Moreover, we did not match our groups according to 
gender. Nevertheless, previous studies did not find differences in nasality between male 
and female speakers (Litzaw and Dalston, 1992, Joos et al., 2006). 
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7 CONCLUSION 
The main purpose of the thesis was to provide approaches towards an objective 
assessment of articulatory and resonatory deficits resulting from dysarthria. Results 
obtained for both of these approaches show the algorithm to be feasible and applicable. 
Moreover, the acoustic approaches show greater sensitivity in comparison with 
commonly used perceptual assessment. Therefore, the acoustic analyses are presented as 
a useful tool providing good conditions for the early diagnosis, monitoring of treatment 
efficacy, speech therapy monitoring and adjustment, and even the differential diagnosis. 
Analysis of a number of acoustic parameters enabled the examination of a wide variety 
of articulatory deficits. Statistical analysis revealed distortion in every examined 
articulatory dimension of speech. The classification experiments showed the 
applicability of the designed parameters for the classification of healthy and 
pathological utterances. Moreover, the distinctive patterns of dysarthria in different 
neurodegenerative diseases showed a possible application of differential diagnosis cues. 
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7.1 Summary 
In the summary section we provide a brief list of the thesis goals and achieved 
results. For more detailed discussion of results obtained in each study, see the section 
Discussion. 
 
 To develop an automatic segmentation algorithm allowing for the accurate 
detection of the initial burst, vowel onset, and occlusion in patients 
diagnosed with PD. 
o The presented algorithm shows sufficient sensitivity and robustness, as was 
documented by the cumulative distributions measured for each detected event 
i.e. initial burst, vowel onset and occlusion. The score obtained for the 5ms error 
range in the initial burst and the vowel onset detection reached nearly 80% in the 
joint PD and HC group and for the 10ms error range in the occlusion detection 
reached  77%  in the joint PD and HC group. Furthermore, the parameters 
computed from the detected positions show a high to very correlation (r = 0.70 
to 0.99) with those assessed using the reference labels.  
 
 To extend the detection algorithm to be applicable to different dysarthria 
subtypes, and to demonstrate its applicability by evaluating PD and HD 
speakers. 
o Comparison of the algorithm designed for the PD utterance assessment and the 
updated algorithm shows similar results in the score obtained assessing PD 
participants. Nevertheless in HD participants, the 10ms performance score of 
original algorithm reached only 45%, which is significantly lower than the 10ms 
performance score of over 77% reached by the updated algorithm. 
 
 
 Using the proposed segmentation algorithm to introduce several acoustic 
features sensitive to possible articulatory deficits caused by hypokinetic 
dysarthria. 
o The section Articulatory Features presented thirteen acoustic parameters (i.e. 
VSQ, VSQ30, VVQ, VOT, VOT ratio, 1FT, 2FT, CSM, CST, SNR, DDK rate, 
DDK fluctuations and DDK pace) which were used to assess six different speech 
dimensions (i.e. speech quality, laryngeal and supralaryngeal coordination, 
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precision of consonant articulation, tongue movement, occlusion weakening, and 
speech timing). Statistical analysis revealed significantly affected articulatory 
aspects in every examined neurodegenerative disease. Furthermore, each speech 
dimension contained at least one significantly distorted parameter. 
 
 To explore the suitability of the designed acoustic features in capturing 
parkinsonian articulatory disorder, and to perform a classification 
experiment in order to differentiate PD subjects from controls. 
o Using the SVM classifier the performed classification experiment illustrates the 
ability of the automatic measurement to distinguish between PD and HC groups. 
Interestingly the best classification score (87 ± 5% using 60/40 cross-validation 
and 88 ± 26% using LOSO cross-validation) was obtained using six parameters 
(i.e. VSQ30,VOT:/pa/,CST:/ka/, 2FT:/ta/, SNR, DDK rate) representing every 
assessed speech dimension. Moreover the score of classification based only on 
one parameter (VOT:all) reached 83 ± 5% using 60/40 cross-validation and 
79 ± 34% using LOSO cross-validation. 
 
 To determine specific patterns of articulatory disruptions and estimate 
their reliability in differentiating between PD, PSP and MSA 
o We have detected distinctive patterns in PD, PSP and MSA dysarthria types. The 
only distinctive manifestation of PSP was dysfluency, which was only rarely 
detected in MSA.  Regarding MSA, participants showed poorer voice control 
described by VVQ and VSQ30 features and distinctive patterns in DDK 
regularity. Furthermore, PSP showed significantly changed 2FT/ta/ and vowel 
duration features. 
 
 To employ methods of objective hypernasality assessment, which may be 
easily grasped by the tools of the differential diagnosis. 
o We have implemented the 1/3-octave method, which was originally designed for 
the purposes of assessment of hypernasality resulting from VIS and based on 
this approach we have designed objective parameters of dysarthria assessment. 
The presented parameters enabled the objective evaluation of nasality in the 
presence and behavior of hypernasality in the dysarthric utterance, which is 
connected with VIC hypernasality.  
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 To evaluate the presence and character of hypernasality in PD and HD 
speakers.  
o The perceptual analysis has revealed the occurrence of hypernasality in 89% 
HD, 65% PD and 22% HC speakers. The acoustic analysis detected 
hypernasality in 54% of HD, 27% of PD and 19% HC speakers. In addition our 
results showed a high occurrence of intermittent hypernasality in 78% of HD 
patients. 
 
 To examine possible relationships between the severity of hypernasality and 
disease-specific motor manifestations, to provide more insight into the 
pathophysiology responsible for development of hypernasality in basal 
ganglia disorders.  
o The relationship analysis revealed a moderate correlation (r = 0.42) between the 
chorea UHDRS subscore and the EFn suggesting the impact of chorea on the 
mechanism of velopharyngeal control. The correlation analysis has not showed 
any correlation between hypernasality and clinical manifestations in PD.  
 
 To determine specific resonatory disruption patterns characteristic for PSP, 
MSA and PD. 
o Using the Wald task 67 % of MSA compared to 27% of PD participants have 
been detected with increased nasality variability. This result has been confirmed 
as statistically significant using the Kruskal-Wallis test with post-hoc Bonfferoni 
adjustment. With regard to PSP no statistically significant increase compared to 
PD has been detected.  
 
7.2 Further work 
Dysarthrias, as a very complex speech disorder, requires more research to be 
better understood. Further research provides two possible directions of interest. The first 
one is to extend the description of previously investigated dysarthrias, whereas the 
second is to extend the database of different dysarthrias themselves.   
The improvement of the dysarthria description should incorporate assessments 
of different speech dimensions to provide better insight into the speech pathologies and 
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the underlying neuropathology. For this reason, one of the future aims is to provide 
dysarthria assessment describing respiration, phonation, articulation, resonance and 
prosody. A combination of parameters from different speech dimensions has already 
been described to some extent in the study (Rusz et al., 2015), showing that the 
combination of features describing different speech dimensions enables differentiation 
even between PSP and MSA. 
Furthermore, additional non-speech information may be included, for instance in 
mimics. Studies by Crosiers et al. (2011) and Zingler et al. (2005) suggest the presence 
of hemihypomimia in PD, though both studies are more or less exploratory and further 
research needs to be conducted. The other area of distorted facial movements is the 
disruption of saccades in PSP, which is used as a distinctive pattern for differential 
diagnosis (Rehman, 2000, Litvan et al., 1996). In this case automatic assessment may 
provide objective and more sensitive method of saccadic movement estimation. 
The extension of the dysarthrias database should provide several different points of 
view. First view may be the duration of the disease. For instance, this could involve 
cases when, the PDU group has been recorded right after diagnosis and before 
administration of pharmacological treatment, therefore providing a sample with earliest 
diagnosed PD available. The fact that PD is diagnosed several years after onset and that 
during the time of diagnosis the 60 % - 70 % of dopaminergic neurons is lost and the 
dopamine concentration is reduce by 80 %, even the PDU group could be hardly 
described as patients in the early stage (Bernheimer et al., 1973, Postuma et al., 2012). 
A solution of this issue may be provided through longitudinal recording of participants 
experiencing rapid eye movement sleep behavior disorder, which has been shown to 
often develop in PD (Postuma et al., 2012), or longitudinal assessment of genetically 
diagnosed HD participants. 
Furthermore, other samples of different motor neurodegenerative disorders should be 
examined to provide better understanding of different neuronal pathology effects on 
speech performance. For this reason, patients diagnosed with multiple sclerosis or 
amyotrophic lateral sclerosis should be recorded.  
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